The last decade has witnessed significant research efforts directed to the understanding of nucleation and crystallization of graphite and associated solidification phenomena, driven in part by the ever-growing interest in the use of spheroidal graphite cast iron in the manufacture of large castings, such as wind turbine parts. These applications raised new challenges to the production of sound castings, mostly because of the exceedingly long solidification times imposed by the size of the castings. These solidification conditions resulted in many instances in graphite degeneration with subsequent decrease in mechanical properties. Obviously, the subject of graphite nucleation and crystallization in cast iron is still in need of additional answers. Over the years, many reviews of the subject have been published. The goal of this paper is to provide an update on the advances achieved in comprehending the mechanisms that govern the nucleation and crystallization of spheroidal graphite and related imperfect morphologies from iron-carbon-silicon melts. In this analysis, we examine not only the crystallization of graphite in cast iron, but also that of metamorphic graphite (natural graphite formed through transformation by heat, pressure, or other natural actions), and of other materials with similar lattice structure and crystallization morphologies.
Introduction
Primitive people appear to have worked with meteoric iron long before learning to extract iron from iron ore. Thus, they were probably aware that meteoric iron sometimes contains graphite [1] , as shown in Figure 1 , but was certainly ignorant of the special properties that graphite can bring to iron, or iron alloys. Attempts to produce spheroidal graphite (SG) iron have been reported as early as 1938 when Carl Adey claimed to produce graphite nodules by fast solidification in irons with relatively high sulfur of 0.04% and no addition of spheroidizing elements [2] . However, it was not until 1943 when Keith Millis made a ladle addition of magnesium to cast iron through a Cu-Mg alloy and produced spheroidal graphite discovering ductile iron that the new material experienced an explosive expansion in the industry [3] . Indeed, analysis of AFS data on global casting production shows that between 1966 and 2017, the growth rate of ductile iron tonnage was an astonishing 22.5%/year [4] . Spheroidal graphite (SG) iron is, together with aluminum, one of the only two casting materials that have experienced continuous global growth since 1965, as shown in Figure 2 . Even if only large SG iron castings alone are considered, the future of this material is more than promising. Indeed, the global wind turbine casting market size valued at USD 1.61 billion in 2015 will continue to experience fast-growing, because Indeed, the global wind turbine casting market size valued at USD 1.61 billion in 2015 will continue to experience fast-growing, because the ever-growing electricity needs resulting from urbanization and industrialization will drive the demand for renewable sources of energy, which will stimulate the usage of turbines that rely on SG iron castings, such as rotor hubs, axle pins, and main carriers [5] . This trend is the result of the continuous progress in understanding the processing -structureproperties paradigm of ductile iron, to include its solidification and its subsequent solid-state transformation during cooling or heat treatment. Review work on the solidification of cast iron has been periodically published, [6] [7] [8] [9] , with some addressing nucleation [10, 11] , while others focus on growth [12, 13] . We also note Prof. Campbell's work [14] that will be discussed in more detail later in this paper. The goal of this paper is to critically reassess the advances achieved over the last decade in comprehending the mechanisms that govern the crystallization of SG and related imperfect morphologies from Fe-C-Si melts (cast irons). Because of space limitations, only graphite nucleation and growth in Mg-treated irons will be discussed. However, this analysis will not be limited to cast iron. Available information on metamorphic graphite (natural graphite formed through transformation by heat, pressure, or other natural actions), and on other materials with similar lattice structure and crystallization morphologies, such as ice, will also be used to support the theories.
Some Basic Concepts

The Crystal Lattice of Graphite
Carbon can form sp-, sp 2 -, and sp 3 -hybridized bonds. Orbitals are regions around the nucleus where an electron can be found within a certain degree of probability. Hybridized bonds are mixtures Indeed, the global wind turbine casting market size valued at USD 1.61 billion in 2015 will continue to experience fast-growing, because the ever-growing electricity needs resulting from urbanization and industrialization will drive the demand for renewable sources of energy, which will stimulate the usage of turbines that rely on SG iron castings, such as rotor hubs, axle pins, and main carriers [5] . Both diamond and graphite also exist in two minor crystallographic forms: Hexagonal diamond and rhombohedral graphite. Experimentally observed crystal structures in graphite are commonly the AB hexagonal 2H (two hexagonal layers) structure and the ABC rhombohedral 3R (three rhombohedral layers) structure [17, 18] , as shown in Figure 4 . Both hexagonal and rhombohedral structures were identified in spheroidal graphite in cast iron [19, 20] .
In addition to the common crystalline structure of carbon, hexagonal graphite and cubic diamond, polycrystalline samples transformed from graphite under high pressure and temperature have been reported to have higher hardness than single-crystal diamonds [21] . Subsequent experimental research [22] and ab-initio calculations [15] suggested that the structure of such samples could be a body-centered tetragonal carbon (bct-carbon) allotrope, a structure intermediate between that of graphite and hexagonal diamond.
As summarized in Reference [9] , in the graphite crystal, the carbon atoms are arranged in a honeycomb lattice with the distance between atoms of 0.142 nm, and distance between planes of 0.335 nm. In the plane of the layers, the tri-electronic bond of each atom with its neighbors is a strong sigmabond (a covalent bond resulting from the formation of a molecular orbital by the end-to-end overlap of atomic orbitals; 4.19 × 10 5 to 5 × 10 5 J/mol). The fourth electron is common for the layer giving the metallic properties of graphite. Weak van der Walls molecular forces exist between the layers (4.19•103 to 8.37•103 J/mol), as the large axial ratio, c/a ≈ 2.7, indicates. The hexagonal graphene monolayers are stacked in an ABAB sequence. The A and B layers are displaced by half of the c-axis spacing (Figure 4a ). This configuration produces the faceted morphology and high anisotropic behavior of graphite [9, 23] .
As complete destruction of the graphite structure occurs only at about 4000 °C, the presence of some graphite aggregates in remelted cast iron, even at temperatures considerably higher than the liquidus temperature, is to be expected. Both diamond and graphite also exist in two minor crystallographic forms: Hexagonal diamond and rhombohedral graphite. Experimentally observed crystal structures in graphite are commonly the AB hexagonal 2H (two hexagonal layers) structure and the ABC rhombohedral 3R (three rhombohedral layers) structure [17, 18] , as shown in Figure 4 . Both hexagonal and rhombohedral structures were identified in spheroidal graphite in cast iron [19, 20] .
As summarized in Reference [9] , in the graphite crystal, the carbon atoms are arranged in a honeycomb lattice with the distance between atoms of 0.142 nm, and distance between planes of 0.335 nm. In the plane of the layers, the tri-electronic bond of each atom with its neighbors is a strong sigma-bond (a covalent bond resulting from the formation of a molecular orbital by the end-to-end overlap of atomic orbitals; 4.19 × 10 5 to 5 × 10 5 J/mol). The fourth electron is common for the layer giving the metallic properties of graphite. Weak van der Walls molecular forces exist between the layers (4.19·103 to 8.37·103 J/mol), as the large axial ratio, c/a ≈ 2.7, indicates. The hexagonal graphene monolayers are stacked in an ABAB sequence. The A and B layers are displaced by half of the c-axis spacing (Figure 4a ). This configuration produces the faceted morphology and high anisotropic behavior of graphite [9, 23] .
As complete destruction of the graphite structure occurs only at about 4000 • C, the presence of some graphite aggregates in remelted cast iron, even at temperatures considerably higher than the liquidus temperature, is to be expected.
The prism plane is a high energy plane at which impurities absorb preferentially. Because of the difference in the bonding forces between the a-and c-directions atoms are added easily in the adirection, but with lower probability in the c-direction. Thus, it is assumed that the preferred growth habit for graphite is in the [1010] a-direction, producing a sheet. It explains the graphite flakes found in natural graphite and the graphite lamellae in gray cast iron. However, in Ni-C, Co-C, and Fe-C alloys (steel and cast iron) spheroidal graphite can be produced, where the graphite aggregate appears to extend in the c-direction rather than the a-direction. This departure from the Bravais's rule and the Gibbs-Wulff theorem has been a topic that continues to stimulate research. However, before engaging on the difficult path of explaining the various theories of graphite growth a small incursion in the study of the growth environment, i.e., the melt from which the graphite crystallizes is deemed necessary.
The Asymmetric Coupled Zone
To understand solidification of SG iron, and for that matter of any type of cast iron, it is necessary to master the concept of asymmetric coupled zone in the Fe-C diagram ( Figure 5 ), an application by Kurz and Fisher [24] of a theory by Burden and Hunt [25] (see Reference [26] for a more detailed discussion), as it complicates the use of the Fe-C-Si equilibrium phase diagram in explaining the solidification structure. The coupled zone is the region of cooperative two-phases eutectic solidification. It is symmetric for regular eutectics, but asymmetric for irregular ones, such as lamellar graphite cast iron. It was originally introduced for the austenite (γ)/lamellar graphite (LG) eutectic, but calculations by Lux et al. [27] demonstrated that an asymmetric coupled zone also exists for the divorced γ/SG eutectic.
Consider the hypereutectic composition Co in Figure 5 . If the cooling rate imposes an undercooling, such as the solidification starts immediately under the eutectic equilibrium temperature, T1, the growth velocity of the eutectic is higher than that of the γ dendrites and of the primary graphite resulting in solidification of the γ/G eutectic. However, if higher undercooling is achieved so that solidification starts under T2, the graphite phase grows faster. Eutectic can solidify again if the undercooling brings the temperature lower than T3. If the undercooling is so high that solidification starts under T4, austenite has the highest growth velocity and will solidify. Thus, depending on the undercooling, a hypereutectic iron can solidify fully with a γ/G eutectic, or even with an austenite + eutectic structure. Similarly, an iron of eutectic composition Ceut, may exhibit austenite dendrites in the microstructure if it solidifies at an undercooling lower than the temperature T5. As SG iron solidifies with higher undercooling than lamellar graphite iron, solidification with an asymmetric coupled zone is one of the reasons why in most ductile irons, dendrites are seen in the room temperature microstructure. The prism plane is a high energy plane at which impurities absorb preferentially. Because of the difference in the bonding forces between the aand cdirections atoms are added easily in the a-direction, but with lower probability in the c-direction. Thus, it is assumed that the preferred growth habit for graphite is in the [1010] a-direction, producing a sheet. It explains the graphite flakes found in natural graphite and the graphite lamellae in gray cast iron. However, in Ni-C, Co-C, and Fe-C alloys (steel and cast iron) spheroidal graphite can be produced, where the graphite aggregate appears to extend in the c-direction rather than the a-direction. This departure from the Bravais's rule and the Gibbs-Wulff theorem has been a topic that continues to stimulate research. However, before engaging on the difficult path of explaining the various theories of graphite growth a small incursion in the study of the growth environment, i.e., the melt from which the graphite crystallizes is deemed necessary.
Consider the hypereutectic composition C o in Figure 5 . If the cooling rate imposes an undercooling, such as the solidification starts immediately under the eutectic equilibrium temperature, T 1 , the growth velocity of the eutectic is higher than that of the γ dendrites and of the primary graphite resulting in solidification of the γ/G eutectic. However, if higher undercooling is achieved so that solidification starts under T 2 , the graphite phase grows faster. Eutectic can solidify again if the undercooling brings the temperature lower than T 3 . If the undercooling is so high that solidification starts under T 4 , austenite has the highest growth velocity and will solidify. Thus, depending on the undercooling, a hypereutectic iron can solidify fully with a γ/G eutectic, or even with an austenite + eutectic structure. Similarly, an iron of eutectic composition C eut , may exhibit austenite dendrites in the microstructure if it solidifies at an undercooling lower than the temperature T 5 . As SG iron solidifies with higher undercooling than lamellar graphite iron, solidification with an asymmetric coupled zone is one of the reasons why in most ductile irons, dendrites are seen in the room temperature microstructure.
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Growth Mechanisms for Crystals Relevant to Graphite Growth
The growth of a graphite crystal starts with the formation of 2-D graphene sheets that develop in the a-direction. Crystallization of graphite from Fe-C melts begin with the stacking of the graphene sheets in the c-direction into hexagonal faceted graphite platelets that are the basic building blocks of the graphite aggregates. Such platelets, 10-30 nm thick and hundreds of nanometers in length, have been found in graphite spheroids from carbon steel [28] (Figure 6a ), in Mg-treated SG iron [29] ( Figure  6b ), and in compacted graphite (CG) aggregates as hexagonal faceted graphite platelets with nanometer-height in the c-direction and micrometer width in the a-direction [30] (Figure 6c ). To produce a graphite aggregate as found in cast iron, the platelets must thicken and aggregate.
The operating growth mechanism of a crystal is a function of the nature of the interface and of the driving force (undercooling, supersaturation). For atomically rough (non-faceted) interfaces, such as dendritic austenite, the interface advances through a continuous growth that requires small driving forces. The growth rate is controlled by solute transport to the interface. For atomically smooth (faceted) interfaces crystals, such as graphite or ice, the interface advances through lateral growth, which requires larger driving forces. Two mechanisms are known for lateral growth, twodimensional (2-D) nucleation of a new layer, and defect-controlled growth, where crystal defects are step sources for a new layer. The latter requires significantly lower driving force. Thickening of the platelets occurs through layer growth in the c-direction. The possible mechanisms include: 2-D nucleation and defects, such as screw dislocation or rotational stacking faults. Figure 6 . Images of graphite platelets in graphite of various origins: (a) HR-TEM image of the 002 fringes of a graphite platelet in a graphite spheroid from carbon-steel, reproduced from [28] with permission from Elsevier; (b) TEM dark field image of platelets in a graphite spherulite, reproduced from [29] with permission from Springer; (c) SEM image of growth front of new layers on platelets in a compacted graphite iron sample, reproduced from [30] with permission from Elsevier. Because 2-D nucleation (Figure 7a ) is slow and could not explain graphite thickening during graphite growth, a variant of 2-D nucleation, poly-nucleation (PNG), was considered. It assumes that Figure 5 . The asymmetric coupled zone for a eutectic alloy; adapted from [24, 26] ; the eutectic coupled zone is shown in grey.
The growth of a graphite crystal starts with the formation of 2-D graphene sheets that develop in the a-direction. Crystallization of graphite from Fe-C melts begin with the stacking of the graphene sheets in the c-direction into hexagonal faceted graphite platelets that are the basic building blocks of the graphite aggregates. Such platelets, 10-30 nm thick and hundreds of nanometers in length, have been found in graphite spheroids from carbon steel [28] (Figure 6a ), in Mg-treated SG iron [29] ( Figure 6b ), and in compacted graphite (CG) aggregates as hexagonal faceted graphite platelets with nanometer-height in the c-direction and micrometer width in the a-direction [30] (Figure 6c ). To produce a graphite aggregate as found in cast iron, the platelets must thicken and aggregate.
The operating growth mechanism of a crystal is a function of the nature of the interface and of the driving force (undercooling, supersaturation). For atomically rough (non-faceted) interfaces, such as dendritic austenite, the interface advances through a continuous growth that requires small driving forces. The growth rate is controlled by solute transport to the interface. For atomically smooth (faceted) interfaces crystals, such as graphite or ice, the interface advances through lateral growth, which requires larger driving forces. Two mechanisms are known for lateral growth, two-dimensional (2-D) nucleation of a new layer, and defect-controlled growth, where crystal defects are step sources for a new layer. The latter requires significantly lower driving force. Thickening of the platelets occurs through layer growth in the c-direction. The possible mechanisms include: 2-D nucleation and defects, such as screw dislocation or rotational stacking faults.
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The operating growth mechanism of a crystal is a function of the nature of the interface and of the driving force (undercooling, supersaturation). For atomically rough (non-faceted) interfaces, such as dendritic austenite, the interface advances through a continuous growth that requires small driving forces. The growth rate is controlled by solute transport to the interface. For atomically smooth (faceted) interfaces crystals, such as graphite or ice, the interface advances through lateral growth, which requires larger driving forces. Two mechanisms are known for lateral growth, twodimensional (2-D) nucleation of a new layer, and defect-controlled growth, where crystal defects are step sources for a new layer. The latter requires significantly lower driving force. Thickening of the platelets occurs through layer growth in the c-direction. The possible mechanisms include: 2-D nucleation and defects, such as screw dislocation or rotational stacking faults. Figure 6 . Images of graphite platelets in graphite of various origins: (a) HR-TEM image of the 002 fringes of a graphite platelet in a graphite spheroid from carbon-steel, reproduced from [28] with permission from Elsevier; (b) TEM dark field image of platelets in a graphite spherulite, reproduced from [29] with permission from Springer; (c) SEM image of growth front of new layers on platelets in a compacted graphite iron sample, reproduced from [30] with permission from Elsevier. Because 2-D nucleation (Figure 7a ) is slow and could not explain graphite thickening during graphite growth, a variant of 2-D nucleation, poly-nucleation (PNG), was considered. It assumes that Figure 6 . Images of graphite platelets in graphite of various origins: (a) HR-TEM image of the 002 fringes of a graphite platelet in a graphite spheroid from carbon-steel, reproduced from [28] with permission from Elsevier; (b) TEM dark field image of platelets in a graphite spherulite, reproduced from [29] with permission from Springer; (c) SEM image of growth front of new layers on platelets in a compacted graphite iron sample, reproduced from [30] with permission from Elsevier. Because 2-D nucleation (Figure 7a ) is slow and could not explain graphite thickening during graphite growth, a variant of 2-D nucleation, poly-nucleation (PNG), was considered. It assumes that a large number of 2-D nuclei form on the surface of a growing crystal, and also on top of the already growing islands before the layer spreading is complete ( Figure 7b ). It has been shown to occur on graphite plates in a Ni-C alloy (Figure 7c ), but there is no experimental evidence that demonstrates that this mechanism contributes to SG growth. However, when comparing Figure 7b with Figure 8a , it seems more likely that the platelets in Figure 7c result from dislocation spiral growth.
Metals 2020, 10, x FOR PEER REVIEW 6 of 39 a large number of 2-D nuclei form on the surface of a growing crystal, and also on top of the already growing islands before the layer spreading is complete ( Figure 7b ). It has been shown to occur on graphite plates in a Ni-C alloy (Figure 7c ), but there is no experimental evidence that demonstrates that this mechanism contributes to SG growth. However, when comparing Figure 7b with Figure 8a , it seems more likely that the platelets in Figure 7c result from dislocation spiral growth. Frank [35] , and then Minkoff, Lux and coworkers [32, 34] argue that growth occurs from steps on the graphite layers related to such defects as screw dislocations and twisted boundaries ( Figure  8 ). Some early investigators recognized the role of such dislocations in generating spiral growth in the c-direction [7, [36] [37] [38] . Electron microscopy studies by Delavignette and Amelinckx [39] on single crystal flakes of natural graphite predicated the existence of both basal plane and non-basal dislocations. Henning [40] found concentrations of screw dislocations whose Burgers vector parallels the c-axis in single crystals of natural graphite and in pyrolytic graphite. More recently, examples of spiral growth for pyrolytic graphite spheres [28] , and for both lamellar [41] , and compacted [42] graphite were found.
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To produce the large variety of graphite morphologies found in cast iron the graphite platelets aggregate by a variety of mechanisms controlled by supersaturation (the difference in chemical potential between a carbon atom in solution and that in the graphite crystal). The basic mechanisms and some examples of graphite growth and of crystal growth in analogous materials are summarized in Foliated crystals are assemblies of thin plates connected by thin protrusions growing perpendicular to the basal planes, and separated by solvent impurity layers, identified by Saratovkin [43] who used the concept to explain iron entrapment between graphite layers during graphite growth in cast iron. The effect of solutal driven constitutional undercooling on foliated crystal growth is explained in some detail in Reference [42] . When crystals grow parallel to one another tiled-roof Frank [35] , and then Minkoff, Lux and coworkers [32, 34] argue that growth occurs from steps on the graphite layers related to such defects as screw dislocations and twisted boundaries ( Figure 8 ). Some early investigators recognized the role of such dislocations in generating spiral growth in the c-direction [7, [36] [37] [38] . Electron microscopy studies by Delavignette and Amelinckx [39] on single crystal flakes of natural graphite predicated the existence of both basal plane and non-basal dislocations. Henning [40] found concentrations of screw dislocations whose Burgers vector parallels the caxis in single crystals of natural graphite and in pyrolytic graphite. More recently, examples of spiral growth for pyrolytic graphite spheres [28] , and for both lamellar [41] , and compacted [42] graphite were found.
To produce the large variety of graphite morphologies found in cast iron the graphite platelets aggregate by a variety of mechanisms controlled by supersaturation (the difference in chemical potential between a carbon atom in solution and that in the graphite crystal). The basic mechanisms and some examples of graphite growth and of crystal growth in analogous materials are summarized in Foliated crystals are assemblies of thin plates connected by thin protrusions growing perpendicular to the basal planes, and separated by solvent impurity layers, identified by Saratovkin [43] who used the concept to explain iron entrapment between graphite layers during graphite growth in cast iron. The effect of solutal driven constitutional undercooling on foliated crystal growth is explained in some detail in Reference [42] . When crystals grow parallel to one another tiled-roof configurations result ( Figure 9 ). If the overall growth of the foliated crystal is less organized, dendritic structures are produced ( Figure 10 ). Stacking of the crystals in the [0001] direction generates columns ( Figure 11 ).
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In their circumferential growth (or curved crystal growth) mechanism, Sadocha and Gruzlesky [49] argue that bending of graphite platelets growing in the a-direction can occur by the movement of steps around the surface of spheroids ( Figure 14 ). They claim that this growth mechanism explains observations of graphite spheroids in high-purity Fe-C-Si alloys without Mg or Ce additions. In their circumferential growth (or curved crystal growth) mechanism, Sadocha and Gruzlesky [49] argue that bending of graphite platelets growing in the a-direction can occur by the movement of steps around the surface of spheroids ( Figure 14 ). They claim that this growth mechanism explains observations of graphite spheroids in high-purity Fe-C-Si alloys without Mg or Ce additions.
Hopper crystals belong to the family of skeletal crystals which develop when atoms are added more rapidly to the edges and corners of a growing crystal than to the centers of crystal faces, resulting in either branched dendritic habit, or hollow stepped depressions (hoppers) (Figure 15a ). Hopper crystals are found in many materials, such as ice ( Figure 15b ), halite, bismuth, galena, gold and quartz.
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In their circumferential growth (or curved crystal growth) mechanism, Sadocha and Gruzlesky [49] argue that bending of graphite platelets growing in the a-direction can occur by the movement of steps around the surface of spheroids ( Figure 14 ). They claim that this growth mechanism explains observations of graphite spheroids in high-purity Fe-C-Si alloys without Mg or Ce additions. Figure 14 . Curved-circumferential growth of graphite platelets: (a) Schematic representation [49] ; (b) circumferential growth in cast iron around a (MgCa)S nucleus [50] ; (c) circumferential growth in a Ni-C alloy, reproduced from [31] with permission from Elsevier.
Figure 14.
Curved-circumferential growth of graphite platelets: (a) Schematic representation [49] ; (b) circumferential growth in cast iron around a (MgCa)S nucleus [50] ; (c) circumferential growth in a Ni-C alloy, reproduced from [31] with permission from Elsevier. Hopper crystals belong to the family of skeletal crystals which develop when atoms are added more rapidly to the edges and corners of a growing crystal than to the centers of crystal faces, resulting in either branched dendritic habit, or hollow stepped depressions (hoppers) (Figure 15a ). Hopper crystals are found in many materials, such as ice ( Figure 15b ), halite, bismuth, galena, gold and quartz. 
Effect of Impurities in the Melt
It is well established that graphite crystallization is significantly affected by the presence of melt impurities in the melt in which it grows, even when these minor elements are in amounts of less than 0.1%. They may have a beneficial effect, promoting nucleation and spheroidization, or a negative one, causing graphite degeneration. The primary source of these elements is from the furnace charge materials, such as steel scrap, pig iron, and cast-iron returns. Other minor elements are intentionally added during preconditioning of the melt or as inoculants.
Minor elements can be grouped into three categories: Residual elements, trace elements, and tramp elements. Residual elements (e.g., S, P, Ti, Cr, V, Nb) originate from the charge materials. Trace elements (e.g., Al, As, B, Ba, Bi, Ca, Cd, Ce, La, Mg, Pb, Sb, Se, Te, Zn, Zr) are introduced during melt treatment. Tramp elements refer to any residual or trace element that degrades the microstructure and properties of cast-iron. The acceptable levels of all these elements and their effect on the microstructure have been summarized by Voigt [51] .
When limiting our interest to only SG iron a different classification of impurities can be suggested: (a) Elements promoting graphite nucleation (Al, Ca, Ba, Sr, Ce, La, S, Ti, N, Zr); (b) reactive impurities favoring graphite spheroidization (Mg, Ca, Y, Ce, lanthanides); (c) surface-active impurities that tend to produce degeneration of spheroidal graphite into chunky, spiky and other forms (S, O, Al, Ti, As, Bi, Te, Pb, Sb). All elements decrease the surface energy of liquid Fe-C alloys. Ni, Cu and Si slightly reduce the surface energy, while Ca, Mg, Ce, S, Se, and Te have a much stronger effect. By changing the crystallography of the growth phases and the constitutional undercooling of the melt, the impurities affect graphite crystallization.
Reactive impurities (Mg, Ce) remove surface-active impurities generating high surface energy in the melt. For Mg-treated irons the maximum surface energy is reached at 0.015% Mg, a level lower than that required for SG formation [52] . Upon holding at temperature, the surface energy decreases because of Mg removal from the liquid by oxidation and vaporization (fading effect).
McSwain and Bates [53] performed iron/graphite surface tension measurements on Fe-C-Si0.037Mg and Fe-C-Si-0.05S alloys and use the data to calculate the interface energy. The data summarized in Table 1 show that for the Mg-treated iron the lowest energy is associated with the basal plane, while for the sulfur iron it is with the prism plane. 
Reactive impurities (Mg, Ce) remove surface-active impurities generating high surface energy in the melt. For Mg-treated irons the maximum surface energy is reached at 0.015% Mg, a level lower than that required for SG formation [52] . Upon holding at temperature, the surface energy decreases because of Mg removal from the liquid by oxidation and vaporization (fading effect). [53] performed iron/graphite surface tension measurements on Fe-C-Si0.037Mg and Fe-C-Si-0.05S alloys and use the data to calculate the interface energy. The data summarized in Table 1 show that for the Mg-treated iron the lowest energy is associated with the basal plane, while for the sulfur iron it is with the prism plane. Table 1 . Melt/graphite interfacial energy in Fe-C-Si alloys at 1200 • C in the absence of oxygen [53] .
McSwain and Bates
Alloy
Graphite Interfacial Energy *, J/m 2
* calculated from contact angle, the surface energy of graphite and surface tension of iron.
It may be summarized that various solutes in molten iron will affect graphite morphology through [54]:
1.
Increased graphite/liquid interface undercooling because of the attachment of impurities (e.g., Mg, Ce, O) to the graphite surface, and rejection of solute (Mg, Bi, Pb, Sn) into the liquid; 2.
Decreased graphite/liquid interface undercooling because of lower surface energy ensuing the adsorption (weak van der Waals forces) of surface-active elements (S, O); 3.
Change of the graphite crystal habitus because of the adsorption of reactive or surface-active elements; this effect could also be understood in terms of bending of the graphene layer because of attachments of elements.
Impurity elements also have a significant influence on graphite nucleation, as they form a variety of compounds, such as sulfides, oxides, nitrides and others that can act as nuclei. To act as nucleation sites, these inclusions must satisfy some specific conditions, including high stability at elevated temperatures, high probability of formation (low standard free energy), good crystallographic compatibility (isomorphism or epitaxy with low lattice disregistry), fine dispersion in the melt (1-3 µm) and high surface energy between the liquid and the nucleant. For SG iron, a clear requirement of a good nucleant is strong affinity for oxygen and sulfur.
Crystallographic Considerations
Crystallographic compatibility implies that the substrate must have a coherent or semicoherent interface with the solid to be nucleated. According to Turnbull and Vonnegut [55] , the crystallographic compatibility may be measured through the linear disregistry, δ: δ = (a n − a S )/a S where a S and a n are the interatomic spacing along with shared low-index crystal directions in the solid nucleus and the, nucleant, respectively. In the evaluation of nucleants for pure iron by Bramfitt [56] , a planar disregistry of 5.9% was considered to be indicative of a highly effective nucleant, and one of 11.2% moderately effective. Bramfitt also argued that the Turnbull/Vonnegut equation for linear disregistry could not be applied to crystallographic combinations of two phases with planes of differing atomic arrangements (e.g., cubic Fe and hexagonal graphite), and proposed a planar disregistry equation that included the angular difference between the crystallographic directions within the plane: A parabolic relationship between the undercooling and the disregistry (∆T cr = 0.25 δ 2 ) was found. The earliest work on inoculation was initiated by Geilenkirchen [57] who, in 1908, observed that certain additions, such as ferrosilicon, Ca or V to liquid cast iron significantly affect its solidification. However, it was not until 1922 that the first industrial process for the inoculation of gray iron with calcium silicide was patented by Meehan [58] . By 1930, systematic studies on the inoculating effect of many elements (Na, Ca, Li, Mg, Ca, Sr, Ba) were conducted by Piwowarsky [59] . Today, most used inoculants are based on ferrosilicon. However, pure Si or pure FeSi are not effective [60, 61] , as the efficiency of the inoculant depends on the presence of minor elements, such as Ca, Ba, Sr, Al, Zr, Ti, lanthanides, and others [50, [62] [63] [64] [65] [66] [67] [68] [69] .
Nucleation of Graphite during Solidification
Commercial cast iron, a multicomponent Fe-C-Si based alloy, contains significant amounts of preexisting impurities, such as undissolved graphite, solid films of oxides [14, 70] , and a variety of other inclusions, such as nitrides, sulfides, and silicates. Intentional additions of chemicals are made during a two-stage melt treatment (Mg-treatment followed by inoculation) with the goal of spheroidizing the graphite and increasing the number of graphite nodules. Thus, additional oxide and nitrides may result from metal-gas reactions, while metal-carbon reactions can produce carbides, and metal-sulfur reactions can generate sulfides. Further, these inclusions can combine into complex carbonitrides and oxysulfides, and all of them can act as SG nuclei. Graphite nucleation occurs in both stages of the melt treatment. Inoculation is not only creating new nuclei but is also modifying the nuclei produced during the Mg-treatment. The thermodynamics controlling these reactions is complicated by the transient nature of the iron melt in terms of composition and temperature. Thus, theories of graphite nucleation cover a wide range of possibilities, including homogeneous, heterogeneous, and sequential (multi-stage) nucleation.
Earlier work on assessing the effectiveness of an inoculant on graphite nucleation relied on indirect methods, such as the "nodule count", that is on evaluating the number of graphite spheroids before and after inoculation. For example, while the nature of the nuclei was not specified, Kanetkar et al. [71] demonstrated that residual amounts of Pr, Nd, Y, La, or Ce in the FeSiMg alloy considerably increased the nodule count. Thus, the lanthanides and Y could be considered to be significant participants in graphite nucleation. Modern research that aims at collecting evidence on the chemistry and crystallography of the various compounds found to be nucleants relies heavily on transmission and scanning electron microscopy (TEM, SEM) coupled with energy dispersive X-ray analysis (EDX), as well as field emission-type Auger electron spectroscope. Extensive use of samples quenched during solidification allowed the identification of nuclei in a large number of graphite spheroids, as the probability of identifying nuclei on the metallographic image in small nodules is higher than that for large nodules [72] . This approach was successful in identifying the composition of compounds and families of chemical compounds that commonly provide nuclei for SG crystallization during the liquid/solid and solid/solid transformations.
Homogeneous Nucleation
An early (1947) theory by Boyles [73] argued that graphite grows from small size crystalline graphite already present in the melt. Steeb and Maier [74] advocated that in melts with more than 3.5% C there exist short-range order regions, which are carbon clusters containing approximately 15 atoms. At carbon contents consistent with the short-range order, the melt exhibited increased viscosity [75] . These and other [76, 77] experiments indicate that either C n or (Fe 3 C) n clusters (or molecules) that exist in dynamic equilibrium in molten Fe-C alloys may serve as nuclei for graphite.
Detailed SEM examination of graphite spheroids observed in vacuum-melted high-purity Fe-C-Si alloys produced from ultrapure zone-refined iron by Dhindaw and Verhoeven [78] did not find any impurities in the center of the spheroids. This implies homogeneous nucleation of SG. Stefanescu et al. [54] demonstrated that in low-carbon gray irons, graphite nucleates at the austenite/liquid interface without the presence of any foreign inclusions. Fredriksson [79] observed that following the dissolution of ferrosilicon in liquid cast iron, SiC crystals could be formed in the complex diffusion zone around the dissolving particles. The local supersaturation of C and Si in the melt subsequent to the SiC dissolution, may provide the necessary driving force for homogeneous nucleation of graphite. The fading effect was explained by the homogenization of C and Si in the melt through convection and diffusion.
Nucleation on Oxides
Oxides have been identified in the nuclei of SG by a large number of investigators, including Heine and Loper [80] , Poyet and Ponchon (MgO, SiO 2 ) [81] , and Jacobs et al. (Mg, Al, Si, Ti oxides) [82] . Francis [83] found round, 2-5 µm diameter inclusions of CeO 2 and Fe 2 O 3 with some MgO, in iron treated with a Fe-46Si-3.5Mg-2.2RE alloy. Silicates were not identified. Gad and Bennett [84] suggested two-stage nucleation initiated on CaO, with subsequent formation of Ca-silicate and silica on the oxide.
Data on the standard free energy of formation and on the melting temperature of oxides are summarized in Table 2 [85] . Most data were calculated with the thermodynamics software FactSage; others were obtained from the literature, as indicated. 
References: (a) After compilation in Reference [86] (∆G at 1327 • C); (b) after compilation in Reference [86] ; all others Factsage (∆G at 1200 • C). Table 2 reveal that double and complex oxides have lower standard free energy, and thus, higher probability of formation, than single ones. The highest probability of formation is by far that of the complex oxide 2MgO·2CaO·14Al 2 O 3 (Mg-Ca aluminate), followed by the double oxide 5CaO·4TiO 2 (Ca titanate). Calcium, aluminum and magnesium silicates also exhibit a high probability of formation. This is why single oxides are only seldom found as nuclei for SG. Indeed, a recent study on a very large number of nuclei could only find two cases of one-stage nucleation on single-compound inclusions, i.e., iron oxide and aluminum oxide [85] . However, two-stage nucleation on a nucleus with a (La,Ce)O core and an MgO shell was also observed (Figure 16a ) [87] .
Data in
The free energy of formation listed in tables is valid for reactions between pure elements. However, the real reaction energy in solution is defined by element activity and could be significantly different from that of pure elements. In particular, Ca reactions with sulfide formation could be more favorable than oxide formation in cast iron. Thus, the hierarchy listed in Tables 2 and 3 may be considerably different for cast iron melts.
that of the complex oxide 2MgO•2CaO•14Al2O3 (Mg-Ca aluminate), followed by the double oxide 5CaO•4TiO2 (Ca titanate). Calcium, aluminum and magnesium silicates also exhibit a high probability of formation. This is why single oxides are only seldom found as nuclei for SG. Indeed, a recent study on a very large number of nuclei could only find two cases of one-stage nucleation on singlecompound inclusions, i.e., iron oxide and aluminum oxide [85] . However, two-stage nucleation on a nucleus with a (La,Ce)O core and an MgO shell was also observed (Figure 16a ) [87] . 
Nucleation on Sulfides
As early as 1966, Warrick [67] suggested that nuclei for lamellar and spheroidal graphite are composed of complex oxides and sulfides, including MgS, CeS, and LaS. Then, other investigators suggested these and other sulfides as potential nucleants: Stransky [82] . Lalich and Hitchings [91] concluded that in laboratory melts nuclei were primarily Mg, Ca or RE sulfides, while in cupola irons, the nuclei were probably complex mixtures of sulfides and silicates.
Jacobs et al. [82] developed the first two-stage nucleation theory of double-layered (cored) nucleation for SG. They contended that SG nucleates 1 µm duplex sulfide-oxide inclusions having a core made of Ca-Mg or Ca-Mg-Sr sulfides, and an outer shell of complex Mg-Al-Si-Ti oxides. The x-ray diffraction data showed that the first few graphite layers, adjacent to the (111) oxide, had a dilated lattice (0.264 nm, instead of 0.246 nm). It was suggested that the spacing within the graphite layers decreases away from the oxide until the unconstrained spacing is reached. Based on these findings it was proposed that initial sulfides serve as catalytic substrates for oxides, on which the spheroidal graphite nucleates. The sequence in the duplex structure of the inclusions (sulfide core and oxide shell) may be surprising in light of the fact that oxides have lower energy of formation that sulfides.
Experimental work by Igarashi and Okada [92] also supported a two-stage sequential theory, but in a different sequence. Their SEM-EDS analysis produced a (MgCa)S spherical nucleus with an MgO core.
It has been thoroughly documented that MnS or complex (MnX)S compounds which have low crystallographic misfit with graphite and have a core of complex Al-Ca-Mg oxide, e.g., References [93] [94] [95] [96] [97] [98] are nucleants for lamellar graphite. However, MnS was never found in the center of graphite nodules, and thus, it is not a nucleant for SG.
As it can be observed from Table 3 , the sulfides of elements from group II have high melting points and lower energy of formation than the carbides. They have a face-centered cubic structure with lattice parameters of 0.5 to 0.6 nm, very similar to that of their carbides.
Data in Table 2 indicate that oxides have lower energy of formation than the sulfides of the same metal. However, as the free energy values are rather close, and the iron melts are chemically nonhomogeneous, it is not necessary that the formation of oxides during cooling precedes that of sulfides. It is quite possible that they form simultaneously at various locations in the melt, as sulfides have been found as one-stage nucleants for SG ( Figure 16b ). 
References: (a) After compilation in Reference [85] (∆G at 1327 • C); all others ∆G at 1200 • C.
Nucleation on Carbides
Experiments by Lux and Tannenberger [60, 99] showed that a number of pure metals, such as Li, Ca, and Ba, can be effective in promoting graphite nucleation in cast iron. They suggested that these and all elements from groups I (Na, K), II (Mg, Ca, Sr, Ba) and III (Y, La) from the periodic table, when introduced in molten iron, form salt-like carbides with cubic structure. The C 2− 2 ions develop epitaxial planes with the graphite, and thus, constitute nuclei for graphite. Graphite is growing parallel to the (111) faces of the CaC 2 lattice. The distance between the (111) CaC 2 planes (0.341 nm) and the (0001) graphite layers (0.335 nm) is very close, giving a linear disregistry of 1.53% (Table 4) , which is indicative of good crystallographic compatibility with graphite. Other elements from group II have similar lattice parameters. However, to the best of our knowledge, there is no report of carbides of elements in groups 1, II or III acting as nuclei for SG. This is probably because carbides have higher energy of formation than either oxides or sulfides and are seldom present in the melt. While TiC was identified in a graphite spheroid (Figure 16c ), the carbide is most likely a complex carbonitride, Ti(CN), as also suggested in work by Sun and Loper [100] . 
Nucleation on Nitrides
As seen in Table 3 , Zr, Ti and Al nitrides have lower energy of formation than sulfides, and thus, they should be able to act as nucleants in ductile iron. While TiC rarely appears as a nucleant, the carbonitride Ti(CN) frequently is. Planar disregistry calculation [101] in Table 5 indicate that TiN has better crystallographic compatibility with graphite than TiC (δ = 1.11 compared to δ = 2.69). As TiN also has a lower energy of formation than TiC (−580 vs. −163 kJ/mol), and as nitrogen is always present in cast iron, Ti(CN) is a more probable inclusion to act as nucleant than TiC alone. In most cases, the titanium carbonitride was found to nucleate on sulfides ( Figure 17a ) or oxides.
Mg-Si nitrides were first reported as potential nuclei for SG by Mercier et al. [88] . Then, Igarashi and Okada [91] , and then Nakae and Igarashi [102] confirmed the Mg-Si-Al nitride as a compound contributing to the nucleation of SG. Solberg and Onsoien [103] studied the crystallographic structure of an Al-Mg-Si nitride found in the center of an SG and concluded that it has a trigonal crystal structure with the composition Mg 2.5 AlSi 2.5 N 6 . The parameters of the fundamental cell deviated only 1-3% from the parameters of the hexagonal AlN. They also stated that there is no obvious crystallographic similarity between the nitride particle and the graphite. Following a thermodynamic analysis [104] , the relevant energies of formation from Table 3 are: −580 kJ/mol for TiN, −538 kJ/mol for AlN, −118 kJ/mol for Mg3N2, and −163 kJ/mol for TiC. The Ti and Al nitrides have relatively low energies of formation, higher than MgO (−858), but lower than MgS (−294). It appears that some combination of Mg3N2 with AlN, and of TiC with TiN, are occurring, as nucleation was documented on Mg-Al-Si nitrides and Ti(CN), but was only seldom, if at all, reported on Mg3N2 or TiC. Further, the Mg2.5AlSi2.5N6 compound identified by Solberg and Onsøien can be written as the stoichiometric compound (AlN)6(Mg3N2)5(Si3N4)5 in which the aluminum nitride is the dominant compound. However, it is also possible that the complex nitride is associative, resulting from the successive growth of the three nitrides. As the energy of formation of aluminum and titanium nitrides is positioned between that of MgO and MgS, both proven as common nuclei for SG, it is sufficiently low for nucleation of graphite. The complex Mg-Al-Si nitride in Figure 17b ,c appears also to be thermodynamically capable of acting as a substrate, in particular, if the compound is associative, with Mg3N2 nucleating on AlN. This is also true for the Ti(CN) nucleated on Mg(CaS) in Figure 17a .
To demonstrate the capability of these nitrides to serve as nuclei for spheroidal graphite disregistry calculations were performed. The planes Po to P4 of the graphite lattice in Figure 18 were selected for the calculation of planar disregistry with Mg3N2 that has a cubic crystalline structure. Small disregistry values of 0.59 and 0.125% were calculated for Po and P2, respectively (Table 5 ), suggesting near-perfect coherency, and hence, the possibility of graphite nucleation on Mg3N2. For these two planes cells with dimensions almost identical with the unit cell of Mg3N2. Were found.
The Mg3N2/graphite linear disregistry calculation also provided encouraging results, with a 4.41% linear disregistry between the Mg-Mg and the C-C atoms, and a range of 0 to 10.06%, between the N-N and C-C atoms. This data also supports the graphite nucleation ability of Mg3N2 [104] .
A similar analysis was conducted for AlN, which has a hexagonal lattice. Calculations were performed for the disregistry between a lateral face of the AlN crystal and the cell in plane P4:(1212) in Figure 18a , and a disregistry of 7.586% was obtained ( Table 5 ). This is higher than that of Mg3N2, Following a thermodynamic analysis [104] , the relevant energies of formation from Table 3 are: −580 kJ/mol for TiN, −538 kJ/mol for AlN, −118 kJ/mol for Mg 3 N 2 , and −163 kJ/mol for TiC. The Ti and Al nitrides have relatively low energies of formation, higher than MgO (−858), but lower than MgS (−294). It appears that some combination of Mg 3 N 2 with AlN, and of TiC with TiN, are occurring, as nucleation was documented on Mg-Al-Si nitrides and Ti(CN), but was only seldom, if at all, reported on Mg 3 N 2 or TiC. Further, the Mg 2.5 AlSi 2.5 N 6 compound identified by Solberg and Onsøien can be written as the stoichiometric compound (AlN) 6 (Mg 3 N 2 ) 5 (Si 3 N 4 ) 5 in which the aluminum nitride is the dominant compound. However, it is also possible that the complex nitride is associative, resulting from the successive growth of the three nitrides. As the energy of formation of aluminum and titanium nitrides is positioned between that of MgO and MgS, both proven as common nuclei for SG, it is sufficiently low for nucleation of graphite. The complex Mg-Al-Si nitride in Figure 17b ,c appears also to be thermodynamically capable of acting as a substrate, in particular, if the compound is associative, with Mg 3 N 2 nucleating on AlN. This is also true for the Ti(CN) nucleated on Mg(CaS) in Figure 17a .
To demonstrate the capability of these nitrides to serve as nuclei for spheroidal graphite disregistry calculations were performed. The planes P o to P 4 of the graphite lattice in Figure 18 were selected for the calculation of planar disregistry with Mg 3 N 2 that has a cubic crystalline structure. Small disregistry values of 0.59 and 0.125% were calculated for P o and P 2 , respectively ( Table 5 ), suggesting near-perfect coherency, and hence, the possibility of graphite nucleation on Mg 3 N 2 . For these two planes cells with dimensions almost identical with the unit cell of Mg 3 N 2 . Were found.
The Mg 3 N 2 /graphite linear disregistry calculation also provided encouraging results, with a 4.41% linear disregistry between the Mg-Mg and the C-C atoms, and a range of 0 to 10.06%, between the N-N and C-C atoms. This data also supports the graphite nucleation ability of Mg 3 N 2 [104] .
A similar analysis was conducted for AlN, which has a hexagonal lattice. Calculations were performed for the disregistry between a lateral face of the AlN crystal and the cell in plane P 4 : 1212 in Figure 18a , and a disregistry of 7.586% was obtained ( Table 5 ). This is higher than that of Mg 3 N 2 , but still in the range accepted for nucleants. Moreover, note that AlN has a low energy of formation of −538 kJ/mol (Table 3 ).
Nucleation on Complex Compounds
Early work documented that the majority of graphite nodules in SG iron are associated with non-metallic inclusions, mainly MgCa sulfides [91, 105] or complex oxides and sulfides [67] . Analysis of the experimental data cited in this work leads to the conclusion that the majority of nuclei found in SG are complex compounds. In recent research by Alonso et al. [87] in which about 1000 graphite nodules were analyzed, a variety of different inclusions of complex composition that included sulfides, oxides, nitrides and silicates was found in the nuclei. Magnesium sulfide sometimes accompanied by TiC was found in about 63-75% of the nodules. Mg-Ca oxysulfides were found in 10-13% of the spheroids. A further significant contribution to the two-stage nucleation theory of SG is the silicate theory developed by Skaland et al. [86] who analyzed nucleation in irons with the composition in the range 3.43-3.8% C, 2.24-2.64% Si, 0.002-0.004% S, 0.033-0.064% Mg, 0.009-0.015% Ti. They reported that the nuclei are hexagonal double layer compounds, with an Mg-Ca sulfide core surrounded by silicates (MgO SiO2 and 2 MgO SiO2) or oxides that have low potency (large disregistry) on which epitaxial graphite growth occurs ( Figure 19 ). Some aluminum can enter the deoxidation products forming more complex phases, such as MgO•Al2O3 or MgO•Al2O3•SiO2. These silicates (complex oxides) and others have good planar disregistry with graphite, supporting their qualifications as graphite nuclei (Table 6 ). A further significant contribution to the two-stage nucleation theory of SG is the silicate theory developed by Skaland et al. [86] who analyzed nucleation in irons with the composition in the range 3.43-3.8% C, 2.24-2.64% Si, 0.002-0.004% S, 0.033-0.064% Mg, 0.009-0.015% Ti. They reported that the nuclei are hexagonal double layer compounds, with an Mg-Ca sulfide core surrounded by silicates (MgO SiO 2 and 2 MgO SiO 2 ) or oxides that have low potency (large disregistry) on which epitaxial graphite growth occurs ( Figure 19 ). Some aluminum can enter the deoxidation products forming more complex phases, such as MgO·Al 2 O 3 or MgO·Al 2 O 3 ·SiO 2 . These silicates (complex oxides) and others have good planar disregistry with graphite, supporting their qualifications as graphite nuclei (Table 6) .
Another example of two-stage nucleation was provided by Igarashi and Okada [92] who found graphite spheroids nucleating on a CaO, MgO, Al 2 O 3 or MgO/MgS core, enveloped by a complex nitride (MgSiAl)N.
The first three-stage nucleation theory was again postulated by Skaland et al. [86] who argued that after inoculation with FeSi that contains another metal (Me), such as Al, Ca, Sr or Ba, hexagonal silicates (MeO·SiO 2 or MeO·Al 2 O 3 ·2SiO 2 ) form at the surface of the oxides, with coherent/ semi-coherent low energy interfaces between the (001) basal planes of these substrates and the graphite (Figure 19b ). the nuclei are hexagonal double layer compounds, with an Mg-Ca sulfide core surrounded by silicates (MgO SiO2 and 2 MgO SiO2) or oxides that have low potency (large disregistry) on which epitaxial graphite growth occurs ( Figure 19 ). Some aluminum can enter the deoxidation products forming more complex phases, such as MgO•Al2O3 or MgO•Al2O3•SiO2. These silicates (complex oxides) and others have good planar disregistry with graphite, supporting their qualifications as graphite nuclei (Table 6 ). Recently, Alonso et al. [87] found TiC and (TiZr)(CN) in the center of graphite spheroids. While most references to Ti(CN) describe this compound as being a cubic crystal, allotriomorphic (a form different from the normal or expected) inclusions of titanium, such as dendritic shape in RE-treated compacted graphite cast iron, have also been identified [100] .
From this review of earlier work, it is apparent that a multitude of more or less complex inclusions can act as nuclei for SG. More recent work has shown that the type of nucleant depends strongly on the chemical composition of the base iron used for Mg treatment.
Influence of Base Metal Composition on the Nature of Nuclei
Nakae and Igarashi [102] found that sulfur content in Mg-treated iron (0.0004-0.059% S, 0.018-0.045% Mg) has a significant effect on the nature of the SG nuclei. Indeed, at S content above 0.005%, the nucleus is a spherical MgS, while at S contents less than 0.0022% the nucleus is a hexagonal (Mg,Si,Al)N, as shown in Figure 20 . The maximum number of graphite nodules was found for the SG iron prepared from the 0.01%S base iron ( Figure 21 ).
Alonso et al. [106] investigated the effect of titanium on SG nucleation in melts with 0.038-0.056% Mg, 0.006-0.01% S and 0.007-0.037% Ti, with and without inoculation on samples quenched during solidification. SEM/EDX examination of images allowed estimation of the type of compounds. As seen in Figure 22a , the Ti level in the base melt significantly affects the type of inclusions that act as nuclei for SG. For irons with less than 0.01%Ti the dominant inclusions are (Mg,Si,Al)N and the sulfides, while for the high Ti irons the Ti(CN) and sulfides are the most frequent. In many instances, the nucleus was made of two or three different compounds, and all of them were in contact with the graphite. The nitrides grow on complex Mg-Ca or Mg-Ca-La sulfides that can nucleate on Mg oxides or oxysulfides ( Figure 23 ). As the Ti level increases, the number of oxides decreases fast. The cubic morphology of the TiC is seen in Figure 24a Nakae and Igarashi [102] found that sulfur content in Mg-treated iron (0.0004-0.059% S, 0.018-0.045% Mg) has a significant effect on the nature of the SG nuclei. Indeed, at S content above 0.005%, the nucleus is a spherical MgS, while at S contents less than 0.0022% the nucleus is a hexagonal (Mg,Si,Al)N, as shown in Figure 20 . The maximum number of graphite nodules was found for the SG iron prepared from the 0.01%S base iron ( Figure 21 ). Alonso et al. [106] investigated the effect of titanium on SG nucleation in melts with 0.038-0.056% Mg, 0.006-0.01% S and 0.007-0.037% Ti, with and without inoculation on samples quenched during solidification. SEM/EDX examination of images allowed estimation of the type of compounds. As seen in Figure 22a , the Ti level in the base melt significantly affects the type of inclusions that act as nuclei for SG. For irons with less than 0.01%Ti the dominant inclusions are (Mg,Si,Al)N and the sulfides, while for the high Ti irons the Ti(CN) and sulfides are the most frequent. In many instances, the nucleus was made of two or three different compounds, and all of them were in contact with the graphite. The nitrides grow on complex Mg-Ca or Mg-Ca-La sulfides that can nucleate on Mg oxides In summary, in most cases, sequential nucleation in two-or three-stages was observed. The Ti content in the iron affected the sequential growth of the nuclei. Independently of the inoculant, the nucleus contained multiple compounds that nucleated on one another in sequences as follows: Not surprisingly, the influence of titanium on the nucleation sequence and the type of nuclei has a remarkable effect on the nodule count in ductile iron. As seen in Figure 22b , the highest nodule count occurs at Ti levels of 0.02-0.03%, which corresponds to the range where the best balance of oxides, sulfides and nitrides is achieved. Low Ti level produces high amounts of (Mg,Si,Al)N, while high levels of Ti generates high amounts of Ti (CN), both detrimental to the nodule count.
While inoculation increases the number of graphite nodules, no significant difference in the type of inclusions found in inoculated and not-inoculated samples was observed [106] . A Ce-containing inoculant was most effective in increasing the nodule count in low-Ti irons, while a ZrMn inoculant produced better results for high-Ti iron. The Al-rich inoculant appears to stimulate (Mg,Si,Al)N formation. Graphite in samples inoculated with a RE-rich inoculant exhibited some Ce and La sulfides in their nuclei, but such sulfides were also found in not-inoculated samples and can be attributed to the nodulizing agent.
Effect of the Shape of the Nucleus on Graphite Shape
For homogeneous nucleation, the shape of the final crystal does not depend on the shape of the nucleus as they have the same crystallography. In heterogenous, nucleation the situation is more complex, as multiple inclusions of various compositions may form the nucleus. However, recent work by Pugliara et al. [108] consisting of 3D-STEM observation of one multiphase nucleus of spheroidal graphite, claimed to have provided "a definitive proof that the shape of a nucleus does In summary, in most cases, sequential nucleation in two-or three-stages was observed. The Ti content in the iron affected the sequential growth of the nuclei. Independently of the inoculant, the nucleus contained multiple compounds that nucleated on one another in sequences as follows: Not surprisingly, the influence of titanium on the nucleation sequence and the type of nuclei has a remarkable effect on the nodule count in ductile iron. As seen in Figure 22b , the highest nodule count occurs at Ti levels of 0.02-0.03%, which corresponds to the range where the best balance of oxides, sulfides and nitrides is achieved. Low Ti level produces high amounts of (Mg,Si,Al)N, while high levels of Ti generates high amounts of Ti (CN), both detrimental to the nodule count.
For homogeneous nucleation, the shape of the final crystal does not depend on the shape of the nucleus as they have the same crystallography. In heterogenous, nucleation the situation is more complex, as multiple inclusions of various compositions may form the nucleus. However, recent work by Pugliara et al. [108] consisting of 3D-STEM observation of one multiphase nucleus of spheroidal graphite, claimed to have provided "a definitive proof that the shape of a nucleus does not determine that of the emerging graphite precipitate", as the elongated nucleus produced a good spheroid. Our observations on hundreds of nuclei show that, indeed, when graphite crystallization occurs on sulfides or oxides the shape of the graphite nodule is most often close to spherical. This is not necessarily true when the nuclei are nitrides. When the nucleus is spherical as is often the case for sulfide inclusions, the platelets in the vicinity of the nucleus are less disorganized as compared with those adjacent to cuboidal or prismatic nuclei [104] .
Consider the picture in Figure 25a . The Ti-Zr carbonitride that has grown around an MgO inclusion clearly affects graphite growth, producing an aggregate which appears to show a smaller spheroid on the carbonitride side attached to a larger spheroid on the Mg sulfide side. This is because graphite growth is more favored by the crystallography of the sulfide compared with that of the carbonitride. The spheroid in Figure 25b ,c has grown on a complex nucleus made of a sulfide (the black hole remained after sulfide dissolution after deep etching), an Mg oxide and a Ti carbonitride. Graphite growth was inhibited on the Ti(CN) side compared with that on the MgS side. This is in line with the report of He et al. [109] who stated that in annealed steel, the graphite spheroids nucleated on AlN are less regular than those produced from the direct decomposition of carbides. Graphite growth was inhibited on the Ti(CN) side compared with that on the MgS side. This is in line with the report of He et al. [109] who stated that in annealed steel, the graphite spheroids nucleated on AlN are less regular than those produced from the direct decomposition of carbides. It must be stated though that the growth time of the graphite may improve the overall shape, as recrystallization will favor a spheroidal one. It is also important to notice that initial growth of graphite on nitrides, such as the one shown in Figure 17c occurs through rather erratic platelets, which explains the lower crystallinity in the central zone of spheroids reported by many investigators.
There is an apparent discrepancy between Skaland et al. [86] silicate theory (Figure 19 ), which proposes an epitaxial growth mechanism of graphite on complex oxides (silicates) with an (MgCa)S core, and many other experimental data, e.g., [50, 92, 105] that found the nuclei to be Mg or MgCa sulfides with an MgO core or attachment. According to Nakae and Igarashi [102] , this is because Skaland used a base melt with very low sulfur (e.g., 0.0036%S) as calculated from the composition of their raw materials.
The effect of the S and Ti level in the melt on the nucleation mechanism of SG is summarized in Figure 26 based on the experimental work reported in References [102, 106] . It is seen that in lowsulfur irons (≤0.01%), nitrides play an important role. The type of nitride is a function of the Ti level in the iron, with Ti(CN) being dominant at ≥0.02%Ti, and (Mg,Si,Al)N at the smaller Ti contents. Sequential nucleation oxide→sulfide→nitride is most common. At the sulfur level in excess of 0.013%, the Mg sulfide with an oxide core is most frequent. Lanthanides and cerium sulfides may partially cover the round MgS which explain their efficiency when present in the Mg treatment alloy or in the inoculant. It must be stated though that the growth time of the graphite may improve the overall shape, as recrystallization will favor a spheroidal one. It is also important to notice that initial growth of graphite on nitrides, such as the one shown in Figure 17c occurs through rather erratic platelets, which explains the lower crystallinity in the central zone of spheroids reported by many investigators.
The effect of the S and Ti level in the melt on the nucleation mechanism of SG is summarized in Figure 26 based on the experimental work reported in References [102, 106] . It is seen that in low-sulfur irons (≤0.01%), nitrides play an important role. The type of nitride is a function of the Ti level in the iron, with Ti(CN) being dominant at ≥0.02%Ti, and (Mg,Si,Al)N at the smaller Ti contents. Sequential nucleation oxide→sulfide→nitride is most common. At the sulfur level in excess of 0.013%, the Mg sulfide with an oxide core is most frequent. Lanthanides and cerium sulfides may partially cover the round MgS which explain their efficiency when present in the Mg treatment alloy or in the inoculant.
Skaland used a base melt with very low sulfur (e.g., 0.0036%S) as calculated from the composition of their raw materials.
The effect of the S and Ti level in the melt on the nucleation mechanism of SG is summarized in Figure 26 based on the experimental work reported in References [102, 106] . It is seen that in lowsulfur irons (≤0.01%), nitrides play an important role. The type of nitride is a function of the Ti level in the iron, with Ti(CN) being dominant at ≥0.02%Ti, and (Mg,Si,Al)N at the smaller Ti contents. Sequential nucleation oxide→sulfide→nitride is most common. At the sulfur level in excess of 0.013%, the Mg sulfide with an oxide core is most frequent. Lanthanides and cerium sulfides may partially cover the round MgS which explain their efficiency when present in the Mg treatment alloy or in the inoculant. We should note that earlier secondary ion mass spectroscopy analysis on duplex graphite nodules by Franklin and Stark [110] support nitride nucleation at higher Ti levels in the iron, as Ti concentration is seen in the position of the nucleus, suggesting a Ti-based inclusion (Figure 27b ). We should note that earlier secondary ion mass spectroscopy analysis on duplex graphite nodules by Franklin and Stark [110] support nitride nucleation at higher Ti levels in the iron, as Ti concentration is seen in the position of the nucleus, suggesting a Ti-based inclusion (Figure 27b ). However, the rather uniform distribution of La and Ce across the core but not the shell in an iron treated with Ce-mischmetal ( Figure 27a ) implies no nucleation effect, but continuous incorporation in the Gr growing in the liquid. Mg, Ca, and Ti exhibited a peak outside of the nodule, indicating the presence of an inclusion. Other than that, Mg was uniformly distributed throughout the graphite and the matrix, which is not confirmed by more recent research. However, the rather uniform distribution of La and Ce across the core but not the shell in an iron treated with Ce-mischmetal ( Figure 27a ) implies no nucleation effect, but continuous incorporation in the Gr growing in the liquid. Mg, Ca, and Ti exhibited a peak outside of the nodule, indicating the presence of an inclusion. Other than that, Mg was uniformly distributed throughout the graphite and the matrix, which is not confirmed by more recent research.
(a) duplex graphite nodule (c) 60% nodularity iron produced with 0.13% Mg and 0.1% Ti additions (0.021% Mg, 0.11% Ti) (b) 80% nodularity iron produced through the addition of 0.19% Ce-mischmetal (0.081% Ce) Figure 27 . Secondary ion mass spectroscopy step-scans across duplex graphite nodules, reproduced from [110] with permission from Elsevier.
Nucleation of Graphite during Solid-State Transformation
To help understanding solid-state nucleation of graphite irons of ⁓4.35% carbon equivalent (%C+0.31 %Si-0027·%Mn) with Mg levels of <0.01 to 0.047% were rapidly solidified in copper molds to produce 4 mm thick disks with metastable ledeburite structure [111] . The samples were then annealed at 950 °C to promote graphite growth, and then quenched in water. For all samples, the graphite count increases with the annealing time, which implies that significant nucleation occurred in a solid state. The number of graphite aggregates also increased with higher Mg, demonstrating that Mg plays an important role in solid-state nucleation. Thus, both nucleation in the liquid, Figure 27 . Secondary ion mass spectroscopy step-scans across duplex graphite nodules, reproduced from [110] with permission from Elsevier.
To help understanding solid-state nucleation of graphite irons of~4.35% carbon equivalent (%C+0.31 %Si-0027·%Mn) with Mg levels of <0.01 to 0.047% were rapidly solidified in copper molds to produce 4 mm thick disks with metastable ledeburite structure [111] . The samples were then annealed at 950 • C to promote graphite growth, and then quenched in water. For all samples, the graphite count increases with the annealing time, which implies that significant nucleation occurred in a solid state. The number of graphite aggregates also increased with higher Mg, demonstrating that Mg plays an important role in solid-state nucleation. Thus, both nucleation in the liquid, observable on the as-cast quenched samples, and nucleation in the solid, observable in the annealed sample, must be considered.
In the absence of Mg, nucleation occurs on the pre-existing iron carbide plates (Figure 28a ). However, in a limited number of cases, sequential nucleation on MgO→MgS was observed on residual oxides/sulfides coming from the charge materials that included SG iron returns (Figure 28b 
Growth of Graphite during Solidification
Industrial cast irons exhibit a large variety of graphite morphologies, including the "standard" shapes: Lamellar or flake (LG), compacted or vermicular (CG), spheroidal or nodular (SG), and temper or aggregated graphite (in malleable iron), as well as some "degenerated" morphology, such as spiky, exploded, or chunky graphite. The reasons for this wide variation in shape and crystallography reside in the chemical complexity of the iron melts, and the transitory nature of nucleation, local segregation and cooling rate during solidification. Room temperature graphite morphology in cast Fe-C alloys is the result of crystallization from the liquid, initially controlled by attachment kinetics, and then by crystallization and growth in the austenite (γ), pearlite or ferrite, controlled by carbon diffusion.
Growth of Spheroidal Graphite
Understanding the complexity graphite crystallization from iron melts is not trivial, and comparative studies of crystal growth in materials with crystal morphologies analogous to that of graphite are helpful. Similarities between the solidification of Si-and Ge-based eutectics and cast irons were discussed by Hellawell [112] . Loper et al. [113] turned their attention to analogies between Al-Si alloys and cast iron. Stefanescu et al. [12] included in their analysis growth of other hexagonal or tetragonal crystals, such as ice crystals and Al3Ti in aluminum-titanium alloys, as well as growth of graphite through other processing routes, such as chemical vapor deposition (a gas-to-solid transformation), and heat treatment of carbon steel (a solid-to-solid transformation). All this information provides a solid basis for a better understanding of graphite crystallization.
Early investigators sought to explain the various graphite morphologies encountered in castings through the interplay between the growth velocity of the basal face (0001) and the prism face (101 0) of the graphite crystal. For equilibrium conditions, the Gibbs-Curie-Wulf law states that the crystal face in contact with the melt that has the highest interface energy grows more rapidly in the normal direction. Estimated data suggested that for graphite the ratio between the interface energies of the planes is ⁄ = 7.7. Thus, the preferred growth direction should be the a-direction 101 0 . 
Growth of Graphite during Solidification
Growth of Spheroidal Graphite
Understanding the complexity graphite crystallization from iron melts is not trivial, and comparative studies of crystal growth in materials with crystal morphologies analogous to that of graphite are helpful. Similarities between the solidification of Si-and Ge-based eutectics and cast irons were discussed by Hellawell [112] . Loper et al. [113] turned their attention to analogies between Al-Si alloys and cast iron. Stefanescu et al. [12] included in their analysis growth of other hexagonal or tetragonal crystals, such as ice crystals and Al 3 Ti in aluminum-titanium alloys, as well as growth of graphite through other processing routes, such as chemical vapor deposition (a gas-to-solid transformation), and heat treatment of carbon steel (a solid-to-solid transformation). All this information provides a solid basis for a better understanding of graphite crystallization.
Early investigators sought to explain the various graphite morphologies encountered in castings through the interplay between the growth velocity of the basal face (0001) and the prism face 1010 of the graphite crystal. For equilibrium conditions, the Gibbs-Curie-Wulf law states that the crystal face in contact with the melt that has the highest interface energy grows more rapidly in the normal direction. Estimated data suggested that for graphite the ratio between the interface energies of the planes is γ [1010] /γ [0001] = 7.7. Thus, the preferred growth direction should be the a-direction 1010 . Bravais' rule stipulates that the growth rate in the direction normal to a plane is inversely proportional to the density of atoms located on the plane which again means that the preferred growth direction should be the a-direction. However, for non-equilibrium conditions, directional solidification studies of pure metals concluded that the most densely occupied crystal face has the highest growth velocity in the direction of its normal [114, 115] . Based on this information Herfurth [116] argued that assuming growth by two-dimensional (2-D) nucleation, the highest rate of growth will be on the face with the higher density of atoms, where the probability for nucleation is higher. Thus, in a melt with surface-active impurities (S, O, Pb, Ti, etc.), these elements are adsorbed on the high-energy plane 1010 , which then have higher atomic density than the [0001] faces, and growth is predominant in the a-direction with formation of lamellar (plate) graphite (Figure 29a ). When reactive impurities (Mg, Ce, La) are added to the melt, they remove the surface-active elements, and the preferred growth direction becomes the c-direction, and polycrystalline spheroidal graphite results (Figure 29b ). In pure Fe-C-Si alloys, the highest growth rate will also be in the c-direction [0001] of the graphite crystal.
Similar conclusions were reached by McSwain and Bates [53] who, based on sessile drop experiments, found that graphite grows from the melt normal to the plane with the lowest interfacial energy, which is the c-direction [0001] for a Fe-C-Mg alloy and the a-direction [1010] for a Fe-C-S alloy (see Table 1 ). is predominant in the a-direction with formation of lamellar (plate) graphite (Figure 29a ). When reactive impurities (Mg, Ce, La) are added to the melt, they remove the surface-active elements, and the preferred growth direction becomes the c-direction, and polycrystalline spheroidal graphite results (Figure 29b ). In pure Fe-C-Si alloys, the highest growth rate will also be in the c-direction [0001] of the graphite crystal. Similar conclusions were reached by McSwain and Bates [53] who, based on sessile drop experiments, found that graphite grows from the melt normal to the plane with the lowest interfacial energy, which is the c-direction [0001] for a Fe-C-Mg alloy and the a-direction [1010] for a Fe-C-S alloy (see Table 1 ). In their early theory of defect growth of graphite, Minkoff and Lux [36] argue that growth occurs from steps on the graphite layers related to such defects as unmatching boundaries, twisted boundaries, and screw dislocations, with the associated growth mechanisms: 2-D nucleation, step at twisted boundary (rotational stacking fault of angles 13°, 22° or 28°), and spiral growth of screw dislocations, respectively (Figure 8 ). The first two mechanisms are governed by exponential laws and apply to the (101 0) surfaces of graphite. The third is governed by a parabolic law and applies to the (0001) surface. When weak surface-active impurities, such as sulfur are present in the melt, the edge energy of steps change, resulting in relative position change of the growth rates involved, as shown in Figure 30a . The curve for growth on the step of a defect boundary, , is at a lower undercooling than those for growth by 2-D nucleation, , or by screw dislocation, . Thus, defect boundary growth is dominant. In a pure melt, the growth velocity curves are displaced to higher undercooling (Figure 30b ). In a pure melt, or when increasing cooling rate, the higher degree of undercooling may allow growth through screw dislocations, so that graphite spheroids can form. Indeed, the LG-to-SG transition was obtained in pure Ni-C alloys by increasing the cooling rate, and in ultrapure Fe-C alloys by cooling slowly in a vacuum. Impurities will react with the surface-active elements and the growth on twist boundary will be neutralized, leaving only the curves for and displaced to greater undercooling (Figure 30c ). In their early theory of defect growth of graphite, Minkoff and Lux [36] argue that growth occurs from steps on the graphite layers related to such defects as unmatching boundaries, twisted boundaries, and screw dislocations, with the associated growth mechanisms: 2-D nucleation, step at twisted boundary (rotational stacking fault of angles 13 • , 22 • or 28 • ), and spiral growth of screw dislocations, respectively (Figure 8 ). The first two mechanisms are governed by exponential laws and apply to the 1010 surfaces of graphite. The third is governed by a parabolic law and applies to the (0001) surface. When weak surface-active impurities, such as sulfur are present in the melt, the edge energy of steps change, resulting in relative position change of the growth rates involved, as shown in Figure 30a . The curve for growth on the step of a defect boundary, V step , is at a lower undercooling than those for growth by 2-D nucleation, V 2−D , or by screw dislocation, V screw . Thus, defect boundary growth is dominant. In a pure melt, the growth velocity curves are displaced to higher undercooling (Figure 30b) . In a pure melt, or when increasing cooling rate, the higher degree of undercooling may allow growth through screw dislocations, so that graphite spheroids can form. Indeed, the LG-to-SG transition was obtained in pure Ni-C alloys by increasing the cooling rate, and in ultrapure Fe-C alloys by cooling slowly in a vacuum. Impurities will react with the surface-active elements and the growth on twist boundary will be neutralized, leaving only the curves for V 2−D and V screw displaced to greater undercooling (Figure 30c ).
(0001) surface. When weak surface-active impurities, such as sulfur are present in the melt, the edge energy of steps change, resulting in relative position change of the growth rates involved, as shown in Figure 30a . The curve for growth on the step of a defect boundary, , is at a lower undercooling than those for growth by 2-D nucleation, , or by screw dislocation, . Thus, defect boundary growth is dominant. In a pure melt, the growth velocity curves are displaced to higher undercooling (Figure 30b ). In a pure melt, or when increasing cooling rate, the higher degree of undercooling may allow growth through screw dislocations, so that graphite spheroids can form. Indeed, the LG-to-SG transition was obtained in pure Ni-C alloys by increasing the cooling rate, and in ultrapure Fe-C alloys by cooling slowly in a vacuum. Impurities will react with the surface-active elements and the growth on twist boundary will be neutralized, leaving only the curves for and displaced to greater undercooling (Figure 30c ). In more recent work on high purity Ni-C alloys, Amini and Abbaschian [31] argued that as the driving force (undercooling, supersaturation) for solidification increases, a roughening transition from faceted to diffuse G/L interface occurs, producing a change in the growth mechanism from 2-D faceted (limited by carbon diffusion to the interface) to linear continuous that brings about the LG-to-SG transition. In the range of continuous growth, isotropic growth of graphite occurs, as the growth velocities in the 1010 and 0001 directions are very close. This produces graphite spheroids. Amini and Abbaschian also calculated that thickening of the graphite plates can be described by 2D nucleation and growth in its poly-nucleation growth (PNG) variant.
Theuwissen et al. [117] argue that the 2-D PNG nucleation mechanism advocated by Amini and Abbaschian for polyhedral plates is operational for both flake and spheroidal graphite. As there is no direct experimental evidence to support this contention, Lacaze et al. [118] attempted to support it through analytical calculations. The lateral extension of the new graphite layers controlled by carbon diffusion in the liquid was assumed. The model calculations are summarized in Figure 31 . The choice of calculation range for undercooling up to 250 K is surprising, as undercoolings higher than about 50 K will be conducive to metastable structure in Fe-C-Si alloys. We also notice some numerical incongruities: At a reasonable undercooling of 25 K (thin vertical line on the figure) it will take 3 hrs. For the formation of a 1 µm graphite spheroid for the 0.1 diffuseness curve, and 1.4 × 10 8 h. for 0.5 diffuseness. The growth rate goes to zero at about 15 K undercooling. Such unrealistic calculation results are not surprising given the number of parameters that have to be estimated (e.g., the height of the nucleating disk, diffuseness, the correction for the structural factors), and demonstrate that analytical models cannot describe the complexities associated with SG crystallization. Fortunately, contemporary researchers have other tools available in their arsenal and results with such tools will be discussed in the following paragraphs.
Capitalizing on his successful work on aluminum alloys, Campbell [14, 120] emphasizes the role of oxide double films (silica bifilms) on the growth of various forms of graphite. The presence of oxides (MgO, SiO 2 , Fe 2 O 3 , MnO) or silicates (Mg 2 SiO 4 , Fe 2 SiO 4 ) in liquid ductile iron or in the associated slag is well documented through experiments, e.g., [70, 121] , and through thermodynamic calculations, e.g., [122] . Campbell argues that these oxides are not compact spheres, cubes, rods, etc., but rather films or bifilms that have lower Stokes velocity, which allows them to remain in suspension in the melt for long periods of time. In the absence of Mg, oxysulfide particles nucleate on silica-rich oxide bifilms, followed by nucleation and growth of graphite on the oxysulfide inclusions to produce lamellar graphite. Magnesium additions eliminate the silica-rich bifilms, and then, graphite spheroids grow on the oxysulfides, as the spherical shape is assumed to be the natural growth mode of graphite.
Degenerated graphite forms could also be explained through this mechanism. It is unclear how sulfur affects graphite shape. 50 K will be conducive to metastable structure in Fe-C-Si alloys. We also notice some numerical incongruities: At a reasonable undercooling of 25 K (thin vertical line on the figure) it will take 3 hrs. For the formation of a 1 μm graphite spheroid for the 0.1 diffuseness curve, and 1.4 × 10 8 h. for 0.5 diffuseness. The growth rate goes to zero at about 15 K undercooling. Such unrealistic calculation results are not surprising given the number of parameters that have to be estimated (e.g., the height of the nucleating disk, diffuseness, the correction for the structural factors), and demonstrate that analytical models cannot describe the complexities associated with SG crystallization. Fortunately, contemporary researchers have other tools available in their arsenal and results with such tools will be discussed in the following paragraphs. Capitalizing on his successful work on aluminum alloys, Campbell [14, 120] emphasizes the role of oxide double films (silica bifilms) on the growth of various forms of graphite. The presence of oxides (MgO, SiO2, Fe2O3, MnO) or silicates (Mg2SiO4, Fe2SiO4) in liquid ductile iron or in the associated slag is well documented through experiments, e.g., [70, 121] , and through thermodynamic calculations, e.g., [122] . Campbell argues that these oxides are not compact spheres, cubes, rods, etc., but rather films or bifilms that have lower Stokes velocity, which allows them to remain in suspension in the melt for long periods of time. In the absence of Mg, oxysulfide particles nucleate on silica-rich oxide bifilms, followed by nucleation and growth of graphite on the oxysulfide inclusions to produce lamellar graphite. Magnesium additions eliminate the silica-rich bifilms, and then, graphite spheroids grow on the oxysulfides, as the spherical shape is assumed to be the natural growth mode of graphite. Degenerated graphite forms could also be explained through this mechanism. It is unclear how sulfur affects graphite shape. It is now accepted that the graphite spheroid is, in most cases, the product of several growth stages, starting with curved circumferential growth in contact with the liquid (stage I), followed by columnar-layer growth through an austenite shell during the eutectic reaction (stage II). Further growth occurs during the solid-solid transformation as the solubility of carbon in austenite, and then ferrite, decreases with temperature (stage III). Multiple examples are available. Selected ones are shown in Figure 32 . However, in many instances, graphite spheroids with only two or one stages are found. We now turn to the difficult task to explain these complex aggregates.
At low undercooling and supersaturation graphite grows in the general a-direction as large plates made of hexagonal faceted platelets distributed in a tiled-roof configuration. The platelets twin and branch as they grow, generating lamellar graphite (Figure 9 ). As the driving force increases, graphite platelets begin stacking in the c-direction forming foliated dendrites ( Figure 10 ). Upon further increase in undercooling and supersaturation following additions of graphite compacting elements (e.g., Mg, Ce) or higher cooling rate, foliated graphite platelets stack increasingly along the c-direction, producing polyhedral blocks ( Figure 11 ) and highly curved graphite aggregates branching in various directions [30] .
Regarding crystallization of graphite spheroids, the mechanism for early stages of solidification (stage-I), appears to be consistently explained by the curved-circumferential crystal growth mechanism postulated by Sadocha and Gruzleski (Figure 14a ). It is supported by direct observations, such as micrographs obtained through plasma etching (Figure 14b ) or through chemical etching on Fe-C-Si alloys (Figure 32a-d) and of Ni-C alloys (Figures 14c and 32e ). Thermal etching [123] also allowed observation of significant defects in the circumferential growth region, with plate-graphite in the center, and voids between the curved graphite plates. The high resolution focused ion beam (FIB) 3D tomography using a plasma source [124] indirectly confirmed the existence of two stages through the observation of concentric voids in the central region (circumferential growth) and radially oriented voids in the outside region (sector growth) ( Figure 33 ). TEM work [20] also found that curved basal planes accommodate the curvature of spheroidal graphite growing in the liquid. stages, starting with curved circumferential growth in contact with the liquid (stage I), followed by columnar-layer growth through an austenite shell during the eutectic reaction (stage II). Further growth occurs during the solid-solid transformation as the solubility of carbon in austenite, and then ferrite, decreases with temperature (stage III). Multiple examples are available. Selected ones are shown in Figure 32 . However, in many instances, graphite spheroids with only two or one stages are found. We now turn to the difficult task to explain these complex aggregates. At low undercooling and supersaturation graphite grows in the general a-direction as large plates made of hexagonal faceted platelets distributed in a tiled-roof configuration. The platelets twin and branch as they grow, generating lamellar graphite ( Figure 9 ). As the driving force increases, graphite platelets begin stacking in the c-direction forming foliated dendrites ( Figure 10 ). Upon further increase in undercooling and supersaturation following additions of graphite compacting elements (e.g., Mg, Ce) or higher cooling rate, foliated graphite platelets stack increasingly along the c-direction, producing polyhedral blocks ( Figure 11 ) and highly curved graphite aggregates branching in various directions [30] .
Regarding crystallization of graphite spheroids, the mechanism for early stages of solidification (stage-I), appears to be consistently explained by the curved-circumferential crystal growth mechanism postulated by Sadocha and Gruzleski (Figure 14a ). It is supported by direct observations, such as micrographs obtained through plasma etching (Figure 14b ) or through chemical etching on Fe-C-Si alloys (Figure 32a-d) and of Ni-C alloys (Figures 14c and 32e ). Thermal etching [123] also allowed observation of significant defects in the circumferential growth region, with plate-graphite in the center, and voids between the curved graphite plates. The high resolution focused ion beam (FIB) 3D tomography using a plasma source [124] indirectly confirmed the existence of two stages through the observation of concentric voids in the central region (circumferential growth) and [107] with permission from Elsevier; (e) graphite aggregates growing within electromagnetically levitated Ni-C melts, reproduced from [33] with permission from Elsevier; (f) proposed mechanism for graphite in (e) [33] . radially oriented voids in the outside region (sector growth) ( Figure 33 ). TEM work [20] also found that curved basal planes accommodate the curvature of spheroidal graphite growing in the liquid. showing the concentric voids perpendicular to the radial direction in the graphite, mostly located in the R1, reproduced from [124] with permission from Elsevier.
However, the curved platelets are not always in direct contact along the (0001) planes as observable in Figure 14c where the peripheral platelets are separated from the platelets under them. Thus, a curved-circumferential foliated dendrite growth can also be envisioned.
For stage II of SG growth, the images in Figure 32 suggest a radial growth of cylindrical columns or of conical sectors, similar to the pyramidal sectors found in ice and silicon crystals. The cone-helix model postulated by Double and Hellawell [34, 125] , based on positive wedge disclination, is probably the best-reasoned model to explain this type of growth. When subtracting a wedge from the basic hexagon, the graphene sheet can curl around itself at an angle = 60° (but not only) to produce a cone [45, 47] . This model (Figure 34a ) may explain the herring-bone appearance of graphite platelets in some spheroids (Figure 32d ) and is also consistent with the observation that the growing ends of whiskers produced through carbon pyrolysis assumed a conical shape [126] . However, the curved platelets are not always in direct contact along the (0001) planes as observable in Figure 14c where the peripheral platelets are separated from the platelets under them. Thus, a curved-circumferential foliated dendrite growth can also be envisioned.
For stage II of SG growth, the images in Figure 32 suggest a radial growth of cylindrical columns or of conical sectors, similar to the pyramidal sectors found in ice and silicon crystals. The cone-helix model postulated by Double and Hellawell [34, 125] , based on positive wedge disclination, is probably the best-reasoned model to explain this type of growth. When subtracting a wedge from the basic hexagon, the graphene sheet can curl around itself at an angle α = 60 • (but not only) to produce a cone [45, 47] . This model (Figure 34a ) may explain the herring-bone appearance of graphite platelets in some spheroids (Figure 32d ) and is also consistent with the observation that the growing ends of whiskers produced through carbon pyrolysis assumed a conical shape [126] .
For stage II of SG growth, the images in Figure 32 suggest a radial growth of cylindrical columns or of conical sectors, similar to the pyramidal sectors found in ice and silicon crystals. The cone-helix model postulated by Double and Hellawell [34, 125] , based on positive wedge disclination, is probably the best-reasoned model to explain this type of growth. When subtracting a wedge from the basic hexagon, the graphene sheet can curl around itself at an angle = 60° (but not only) to produce a cone [45, 47] . This model (Figure 34a ) may explain the herring-bone appearance of graphite platelets in some spheroids (Figure 32d ) and is also consistent with the observation that the growing ends of whiskers produced through carbon pyrolysis assumed a conical shape [126] . Questions on the operation of the cone-helix model at the scale of a graphite spheroid arise from recent TEM work [109, 127] that show that the [0001] direction of graphite planes is parallel to the symmetry axis of the cone in the graphite spheroid. However, the cone-helix model generates {0001} graphite planes rotated around the cone symmetry axis that is at an angle with respect to the axis of the cone. This apparent discrepancy can be explained through the effect of the sectioning of the TEM sample at different angles [125] .
A similar mechanism was proposed by Miao et al. [29] and endorsed by He et al. [109] . It was found that the [001] direction of each platelet is twisted about 2° around the radius of the graphite Questions on the operation of the cone-helix model at the scale of a graphite spheroid arise from recent TEM work [109, 127] that show that the [0001] direction of graphite planes is parallel to the symmetry axis of the cone in the graphite spheroid. However, the cone-helix model generates {0001} graphite planes rotated around the cone symmetry axis that is at an angle with respect to the axis of the cone. This apparent discrepancy can be explained through the effect of the sectioning of the TEM sample at different angles [125] .
A similar mechanism was proposed by Miao et al. [29] and endorsed by He et al. [109] . It was found that the [001] direction of each platelet is twisted about 2 • around the radius of the graphite spherulite and the 001 directions of all platelets are oriented nearly parallel to the radius, suggesting that the graphite has grown in a spiral manner from a common nucleus. The difference between The Miao et al. model (Figure 34b ) and the cone-helix growth mechanism is that the former assumes growth in the c-direction through spiral growth, while the latter postulates growth in the a-direction of platelets.
Neither the curved circumferential growth, nor the con-helix mode can explain the growth of cylindrical columns observed in ice crystals, Al-Si alloys, metamorphic graphite (Figure 35 ), Ni-C alloys (Figure 32e ), and in Fe-C-Si alloys [12] . Experiments [42] have shown that at sufficient Mg levels, the platelets aggregate in clusters that produce blocks of polyhedral graphite, similar to those found in natural graphite. Apparent nucleation of new crystals found on polyhedral ice plates and on metamorphic graphite (Figure 35b ) may point to the possibility that PNG (Figure 7b ) may explain the growth of such shapes. Alternatively, as the platelets of the column present clear separations, they could be the result of foliated crystal stacking through foliated growth ( Figure 11 ). The twist-tilt boundary mechanism (Figure 8 ) suggested by Frank [35] can also explain the growth in the c-direction as small angle tilt or twist boundaries between adjacent grains of graphite provide nucleation sites for growth along the c-axis. Some evidence for this growth mechanism can be seen from the arrangement of steps on the pinacoid surfaces in Figure 35a .
the growth of such shapes. Alternatively, as the platelets of the column present clear separations, they could be the result of foliated crystal stacking through foliated growth ( Figure 11 ). The twist-tilt boundary mechanism (Figure 8 ) suggested by Frank [35] can also explain the growth in the cdirection as small angle tilt or twist boundaries between adjacent grains of graphite provide nucleation sites for growth along the c-axis. Some evidence for this growth mechanism can be seen from the arrangement of steps on the pinacoid surfaces in Figure 35a . The decreased carbon solubility in the austenite with lower temperature produce carbon atoms migration to the growing graphite, which is the reason for stage-III graphite growth. However, high diffusion rates may result in recrystallization of carbon, and thus, in the morphing of stage-III microstructure into the conical sector structure of stage-II [107] . Examples of crystallization of amorphous carbon to form spheroids are also found for processes unrelated to metal casting, such as heating of amorphous carbon in an electronic beam [128] . Crystallization of the amorphous carbon can occur at all stages of solidification. It may thicken the existing platelets or grow new platelets. It may fill the spaces between the columnar crystals or not [107] .
In summary, this analysis demonstrates that in Mg-treated irons graphite growth takes place through a multitude of mechanisms as a function of the local conditions at the solidifying interface The decreased carbon solubility in the austenite with lower temperature produce carbon atoms migration to the growing graphite, which is the reason for stage-III graphite growth. However, high diffusion rates may result in recrystallization of carbon, and thus, in the morphing of stage-III microstructure into the conical sector structure of stage-II [107] . Examples of crystallization of amorphous carbon to form spheroids are also found for processes unrelated to metal casting, such as heating of amorphous carbon in an electronic beam [128] . Crystallization of the amorphous carbon can occur at all stages of solidification. It may thicken the existing platelets or grow new platelets. It may fill the spaces between the columnar crystals or not [107] .
In summary, this analysis demonstrates that in Mg-treated irons graphite growth takes place through a multitude of mechanisms as a function of the local conditions at the solidifying interface as affected by undercooling and supersaturation. Schematic representations of the effect of processing variables on graphite growth, like the one in Figure 36 , have been proposed by many investigators over time [47, 129, 130] . They can give a general idea of the transitions from lamellar to spheroidal graphite, but they cannot capture the complexity of the associated phenomena. [12, 42] with permission from Springer. Figure 32c shows clearly separated conical graphite columns that indicate the beginning of graphite degeneration. There are many forms of so-called degenerated graphite, including dendritic, exploded, chunky, and spiky. They all have damaging effects on the mechanical properties of the iron, as summarized in an excellent review for chunky graphite (CHG) by Baer [13] .
Growth of Degenerated Graphite
Dendritic graphite in LG iron has been observed and discussed by Oron and Minkoff [38] . Its growth was associated with twist boundary defects. Graphite dendrites were also observed in Sb containing CG irons (Figure 37a ) and in slow-cooling cerium treated SG irons (Figure 37b ). However, unlike the common stem-dendrites found LG iron that grows along the a-direction, the dendrites in Mg or Ce-treated irons are stacked in the c-direction (Figure 37c ). [12, 42] with permission from Springer. Figure 32c shows clearly separated conical graphite columns that indicate the beginning of graphite degeneration. There are many forms of so-called degenerated graphite, including dendritic, exploded, chunky, and spiky. They all have damaging effects on the mechanical properties of the iron, as summarized in an excellent review for chunky graphite (CHG) by Baer [13] .
Dendritic graphite in LG iron has been observed and discussed by Oron and Minkoff [38] . Its growth was associated with twist boundary defects. Graphite dendrites were also observed in Sb containing CG irons (Figure 37a ) and in slow-cooling cerium treated SG irons (Figure 37b ). However, unlike the common stem-dendrites found LG iron that grows along the a-direction, the dendrites in Mg or Ce-treated irons are stacked in the c-direction (Figure 37c ). Figure 32c shows clearly separated conical graphite columns that indicate the beginning of graphite degeneration. There are many forms of so-called degenerated graphite, including dendritic, exploded, chunky, and spiky. They all have damaging effects on the mechanical properties of the iron, as summarized in an excellent review for chunky graphite (CHG) by Baer [13] .
Dendritic graphite in LG iron has been observed and discussed by Oron and Minkoff [38] . Its growth was associated with twist boundary defects. Graphite dendrites were also observed in Sb containing CG irons (Figure 37a ) and in slow-cooling cerium treated SG irons (Figure 37b ). However, unlike the common stem-dendrites found LG iron that grows along the a-direction, the dendrites in Mg or Ce-treated irons are stacked in the c-direction (Figure 37c ). There are some clear similarities between graphite dendrites and chunky graphite. Like CG, chunky graphite is interconnected, and in many instances, grows radially from a common center (Figure 38a ). The interconnected structure of the chunky graphite has been documented by various investigators [130, 132, 133] . There are some clear similarities between graphite dendrites and chunky graphite. Like CG, chunky graphite is interconnected, and in many instances, grows radially from a common center (Figure 38a ). The interconnected structure of the chunky graphite has been documented by various investigators [130, 132, 133] . The schematic representation of the sequence of graphite degeneration from SG to CHG presented in Figure 39 captures two important elements of the morphology of CHG, the radial growth and the interconnection of various segments. Interconnection is always seen, but radial growth is not always present. An apparently different form of degenerated graphite appears as concatenated (chain-linked) small graphite spheres [135] observed in Si solution-strengthened SG iron ( Figure 38 ). However, after analyzing other research on Si solution-strengthened SG iron [136] , Baer [131] concluded that chunky graphite in these materials exhibits the same microstructural features as typical for conventional ferritic SG irons. Figure 38 . SEM images of chunky graphite: (a) Chunky graphite (CHG) growing from a common source in a heavy casting, reproduced from [130, 133] with permission from Springer; (b) degenerated graphite assembly in Si solution-strengthened high Si SG iron, reproduced from [130, 134] with permission from Springer.
The schematic representation of the sequence of graphite degeneration from SG to CHG presented in Figure 39 captures two important elements of the morphology of CHG, the radial growth and the interconnection of various segments. Interconnection is always seen, but radial growth is not always present. An apparently different form of degenerated graphite appears as concatenated (chain-linked) small graphite spheres [135] observed in Si solution-strengthened SG iron ( Figure 38 ). However, after analyzing other research on Si solution-strengthened SG iron [136] , Baer [131] concluded that chunky graphite in these materials exhibits the same microstructural features as typical for conventional ferritic SG irons. growth and the interconnection of various segments. Interconnection is always seen, but radial growth is not always present. An apparently different form of degenerated graphite appears as concatenated (chain-linked) small graphite spheres [135] observed in Si solution-strengthened SG iron ( Figure 38 ). However, after analyzing other research on Si solution-strengthened SG iron [136] , Baer [131] concluded that chunky graphite in these materials exhibits the same microstructural features as typical for conventional ferritic SG irons. [131] adapted after [48] with permission from Springer. TEM images of dendritic graphite show that the aggregate is made of graphite layers stacked in the c-direction (Figure 37c ), and so is CHG. Ultrasonic vibration breaking of CHG aggregates by Itofuji et al. [132] produced blocks with hexagonal shape made of parallel graphite platelets (their Figure 7 ). They concluded that CHG was built of graphite blocks, that no spiral growth was involved in the process, and that the basic substructure of CG, SG and CHG is the same, implying that they grow through the same mechanism. However, the helical growth of chunky graphite has been documented by Liu et al. [48] through the SEM image in Figure 13 . Additional evidence was provided by Gagné and Argo [137] from deep etched chunky graphite samples, and by Labrecque et al. [138] through the examination of broken chunky graphite. Other possible growth mechanisms include foliated dendrite growth ( Figure 10 ) and foliated columnar growth ( Figure 11 ).
From this discussion, it is apparent that understanding crystallization of chunky graphite is still a work in progress. Nevertheless, how about controlling this defect in castings? It is well known that the chemical composition and the solidification rate affect the occurrence of CHG. The widely quoted Thielemann equation [139] could be used to assess the complex effect of relevant trace elements on graphite formation in irons modified with Mg alloys: [131] adapted after [48] with permission from Springer.
TEM images of dendritic graphite show that the aggregate is made of graphite layers stacked in the c-direction (Figure 37c ), and so is CHG. Ultrasonic vibration breaking of CHG aggregates by Itofuji et al. [132] produced blocks with hexagonal shape made of parallel graphite platelets (their Figure 7) . They concluded that CHG was built of graphite blocks, that no spiral growth was involved in the process, and that the basic substructure of CG, SG and CHG is the same, implying that they grow through the same mechanism. However, the helical growth of chunky graphite has been documented by Liu et al. [48] through the SEM image in Figure 13 . Additional evidence was provided by Gagné and Argo [137] from deep etched chunky graphite samples, and by Labrecque et al. [138] through the examination of broken chunky graphite. Other possible growth mechanisms include foliated dendrite growth ( Figure 10 ) and foliated columnar growth ( Figure 11 ).
From this discussion, it is apparent that understanding crystallization of chunky graphite is still a work in progress. Nevertheless, how about controlling this defect in castings? It is well known that the chemical composition and the solidification rate affect the occurrence of CHG. The widely quoted Thielemann equation [139] could be used to assess the complex effect of relevant trace elements on graphite formation in irons modified with Mg alloys: S b = 4.4 w Ti + 2 w As + 2.3 w Sn + 5 w Sb + 290 w Pb + 370 w Bi + 1.6 w Al where w i stands for the content of the element i in wt%. To avoid graphite degeneration in the production of SG iron it is suggested to have S b > 1. If this level is exceeded, rare earth additions are recommended. The practical applicability of this equation is limited by the fact that it does not include the effect of solidification time.
Another equation proposed by Löblich [140] considers the influence of Ce, Pb, Sb and As on the maximum tolerable Si content for CHG avoidance:
The equation is valid for a wall thickness of 200 mm. The tolerance is higher as the wall thickness decreases as indicated by the arrow in Figure 40 . Further research [141] demonstrated that the Si criterion works for melts containing the elements included in the previous equation, but fails when other elements, such as Al, Ca, B and Bi are present, and proposed another empirical parameter, including more elements and the modulus (Figure 41 ). Below an element ratio of about 45 and a thermal modulus ≤ 4.2 cm, no chunky graphite is formed (range 1).
The equation is valid for a wall thickness of 200 mm. The tolerance is higher as the wall thickness decreases as indicated by the arrow in Figure 40 . Further research [141] demonstrated that the Si criterion works for melts containing the elements included in the previous equation, but fails when other elements, such as Al, Ca, B and Bi are present, and proposed another empirical parameter, including more elements and the modulus (Figure 41 ). Below an element ratio of about 45 and a thermal modulus ≤ 4.2 cm, no chunky graphite is formed (range 1). Figure 40 . Maximum tolerable Si content to avoid chunky graphite, Si is in mass%, and the elements on the abscissa are in ppm, 3.40% ≤ C ≤ 3.77%, reproduced from [13, 141] with permission from Springer.
Figure 41.
Influence of element ratio parameter on the risk of chunky graphite formation in SG iron, M-thermal modulus, 3.47% ≤ C ≤ 3.75%, reproduced from [13, 142] with permission from Springer.
Baer's review includes other similar criteria, including one by Sertucha et al. [142] . However, according to Baer, quantitative rules to prevent chunky graphite are complex and have limited practical impact because of the exceedingly narrow validity windows. Because of the controversial aspect of many publications and the big scatter of the literature data, no specific numbers could be recommended for chemical element contents, temperatures, and other process parameters. Nevertheless, it was concluded that the most relevant measures reported to be effective against CHG formation include increased cooling rate, reduction of the silicon content, control of trace elements and addition of specific alloying elements. Figure 40 . Maximum tolerable Si content to avoid chunky graphite, Si is in mass%, and the elements on the abscissa are in ppm, 3.40% ≤ C ≤ 3.77%, reproduced from [13, 141] with permission from Springer. decreases as indicated by the arrow in Figure 40 . Further research [141] demonstrated that the Si criterion works for melts containing the elements included in the previous equation, but fails when other elements, such as Al, Ca, B and Bi are present, and proposed another empirical parameter, including more elements and the modulus (Figure 41 ). Below an element ratio of about 45 and a thermal modulus ≤ 4.2 cm, no chunky graphite is formed (range 1). Figure 40 . Maximum tolerable Si content to avoid chunky graphite, Si is in mass%, and the elements on the abscissa are in ppm, 3.40% ≤ C ≤ 3.77%, reproduced from [13, 141] with permission from Springer.
Baer's review includes other similar criteria, including one by Sertucha et al. [142] . However, according to Baer, quantitative rules to prevent chunky graphite are complex and have limited practical impact because of the exceedingly narrow validity windows. Because of the controversial aspect of many publications and the big scatter of the literature data, no specific numbers could be recommended for chemical element contents, temperatures, and other process parameters. Nevertheless, it was concluded that the most relevant measures reported to be effective against CHG formation include increased cooling rate, reduction of the silicon content, control of trace elements and addition of specific alloying elements. Figure 41 . Influence of element ratio parameter on the risk of chunky graphite formation in SG iron, M-thermal modulus, 3.47% ≤ C ≤ 3.75%, reproduced from [13, 142] with permission from Springer.
Baer's review includes other similar criteria, including one by Sertucha et al. [142] . However, according to Baer, quantitative rules to prevent chunky graphite are complex and have limited practical impact because of the exceedingly narrow validity windows. Because of the controversial aspect of many publications and the big scatter of the literature data, no specific numbers could be recommended for chemical element contents, temperatures, and other process parameters. Nevertheless, it was concluded that the most relevant measures reported to be effective against CHG formation include increased cooling rate, reduction of the silicon content, control of trace elements and addition of specific alloying elements.
Solid-State Growth of Graphite
When discussing growth of graphite in solid state one must take into account the growth environment, whether Mg-free liquid (e.g., steel) or not, and also differentiate between the growth of graphite crystallized in the liquid and then cooled to room temperature, and that of graphite nucleated in the liquid, but grown during subsequent heat treatment, such as annealing or austempering. The type of nuclei on which this graphite grows appears to be important.
Work by Cowlam et al. [143] on ferritic steels reveled that the crystallinity of graphite increased and the c-spacing of the lattice parameter decreased with increased annealing times. This again demonstrated recrystallization of graphite upon residence at elevated temperature.
In their study of the graphitization annealing of 0.38 wt.% carbon steel in the quenched martensitic state, He et al. [109] found that some nodules exhibited an irregular morphology with a nitride or an oxide core, while others were more regularly spheroidal and without a nucleating particle. TEM microscopy demonstrated that for the more spherical nodules, the outer mantles had a strong graphitic character, while the core regions exhibited a more amorphous carbon structure. They also concluded that most nucleation was provided by the dissolving cementite particles in the martensite.
In Mg-treated irons graphite nucleation may be expected to occur in the liquid. Upon subsequent cooling graphite growth may be significant as in typical ductile iron where some solid-state growth occurs because of decreased carbon solubility in the cooling austenite, or extremely limited as in low carbon equivalent rapidly cooled irons (malleable iron), where graphite growth is achieved in additional processing through heat treatment.
Some unusual alternative to the above scenario is SG growth in irons solidified partly in the stable system and partly in the metastable one. Laffont et al. [144] studied such a material and confirmed the two-fold structure (well-crystallized outer zone and distorted inner zone.) of nodules in as-cast material as discussed previously in this paper. The inner zone of the graphite recrystallized during heat-treatment producing a radial sectors structure, visible at room temperature. Then, assuming that formation of this zone in the as-cast material is the result of mechanical deformation because of liquid contraction during metastable solidification, they conclude that the growth mechanism of SG "could be the same when nodules precipitate directly from the liquid during solidification or precipitate by cementite decomposition during solid-state heat-treatment in the austenitic field". However, as shown extensively in this paper, the two-fold structure of SG is typical for as-cast ductile iron and does not incur upon metastable solidification. Furthermore, as we will show in the following paragraphs, a completely different graphite structure is obtained for graphite produced through the decomposition of cementite in Mg-treated irons.
Evans [145] suggested the addition of Mg to malleable iron to increase the number of graphite particles and decrease the duration of the heat treatment. To further understand solid-state graphite growth in metastable solidified Mg-treated melts, irons with Mg ranging from <0.01 to 0.047% were rapidly solidified in small discs and then annealed at 950 • C [111] . It was confirmed that in the Mg-free iron nucleation occurs on the iron carbide plates (Figure 28a ). However, even at low Mg level of 0.017% nucleation occurs on Mg sulfide and oxide inclusions (Figure 28b ).
In Mg-free annealed iron, the graphite appears as an irregular cluster of plates and blocks growing outward from a common center (Figure 42a ). The iron with 0.017% Mg exhibited graphite with the appearance of complex quasispheroidal skeletal-hopper crystals with multiple empty hexagonal cavities (Figure 42b ). At 0.047% Mg, the graphite morphology included hemispherical (Figure 42c ), incomplete spheroids, and hopper crystals with a much lower number of empty cavities, as graphite growth is constrained by the adjacent carbide plates. The curved plates observed on the surface of the quasispheroidal and hemispherical graphite appear to indicate that curved circumferential growth mechanism is active not only in the liquid, but also during solid state growth. Two different mechanisms could explain the formation of skeletal-hopper crystals in the Fe-C Mg-treated alloys. Because of high carbon supersaturation of the eutectic austenite resulting from the decomposition of carbides, the crystal edges and corners grow faster than the faces producing the holes in the growing graphite aggregate (Figure 15 ). Alternatively, Mg atoms may block the stepgrowth of dislocations, as suggested by Minkoff and Nixon [146] .
The hemispherical growth of graphite at high Mg levels starts with graphite nucleation on Mg Two different mechanisms could explain the formation of skeletal-hopper crystals in the Fe-C Mg-treated alloys. Because of high carbon supersaturation of the eutectic austenite resulting from the decomposition of carbides, the crystal edges and corners grow faster than the faces producing the holes in the growing graphite aggregate (Figure 15 ). Alternatively, Mg atoms may block the step-growth of dislocations, as suggested by Minkoff and Nixon [146] .
The hemispherical growth of graphite at high Mg levels starts with graphite nucleation on Mg sulfide or oxide inclusions entrapped at the Fe 3 C/γ interface during eutectic solidification (Figure 43a ). Initial growth occurs from the decomposition of the carbides in direct contact with the graphite (Figure 43b ). High cooling rate and the crystallography of the MgS inclusion produce curved hemispherical graphite. Once an austenite layer separates the graphite and the carbide growth occurs mostly through carbon diffusion through the austenite. A schematic representation of the process is presented in Figure 44 . Two different mechanisms could explain the formation of skeletal-hopper crystals in the Fe-C Mg-treated alloys. Because of high carbon supersaturation of the eutectic austenite resulting from the decomposition of carbides, the crystal edges and corners grow faster than the faces producing the holes in the growing graphite aggregate (Figure 15 ). Alternatively, Mg atoms may block the stepgrowth of dislocations, as suggested by Minkoff and Nixon [146] .
The hemispherical growth of graphite at high Mg levels starts with graphite nucleation on Mg sulfide or oxide inclusions entrapped at the Fe3C/γ interface during eutectic solidification ( Figure  43a ). Initial growth occurs from the decomposition of the carbides in direct contact with the graphite (Figure 43b ). High cooling rate and the crystallography of the MgS inclusion produce curved hemispherical graphite. Once an austenite layer separates the graphite and the carbide growth occurs mostly through carbon diffusion through the austenite. A schematic representation of the process is presented in Figure 44 . Two different mechanisms could explain the formation of skeletal-hopper crystals in the Fe-C Mg-treated alloys. Because of high carbon supersaturation of the eutectic austenite resulting from the decomposition of carbides, the crystal edges and corners grow faster than the faces producing the holes in the growing graphite aggregate (Figure 15 ). Alternatively, Mg atoms may block the stepgrowth of dislocations, as suggested by Minkoff and Nixon [146] .
The hemispherical growth of graphite at high Mg levels starts with graphite nucleation on Mg sulfide or oxide inclusions entrapped at the Fe3C/γ interface during eutectic solidification ( Figure  43a ). Initial growth occurs from the decomposition of the carbides in direct contact with the graphite (Figure 43b ). High cooling rate and the crystallography of the MgS inclusion produce curved hemispherical graphite. Once an austenite layer separates the graphite and the carbide growth occurs mostly through carbon diffusion through the austenite. A schematic representation of the process is presented in Figure 44 . This analysis demonstrates that the mechanism of graphite growth in solid-state appears to be much more complex than originally discussed in previous literature.
Conclusions
The body of evidence reviewed in this work is conducive to a number of conclusions. Nucleation of graphite spheroids during the solidification of Mg-treated irons occurs most of the time through sequential nucleation with the formation of complex nuclei composed of several inclusions. The most favorable nuclei for graphite shape and nodule counts are the Mg sulfide and oxide inclusions, many times found as oxysulfides that can include other elements, such as Ca, Ce, lanthanides, Ba and others. When graphite crystallization occurs on sulfides or oxides the shape of the graphite nodule is most often close to spherical. This is not always the case when the nuclei are nitrides. Titanium nitrides or carbonitrides and Mg-Al-Si nitrides affect both the graphite shape and the nodule count negatively. The type of nuclei produced by the liquid treatment (spheroidizing and inoculation) is controlled by the S and Ti level in the base metal. The most frequent sequence in complex nucleation of irons with Ti ≤ 0.014% is MgO→(MgCa)S→nitrides, while in irons with Ti ≥ 0.02% it is (MgCa)S or (MgCa)(OS)→nitride.
Nucleation of graphite in the solid state in Mg-free irons occurs on the iron carbides. However, even minute amounts of Mg, such as residual Mg from the charge materials, may generate sulfides which become nuclei during the solid-state graphitization.
In Mg-treated irons graphite growth occurs through a multitude of mechanisms as a function of the local conditions at the solidifying interface as affected by undercooling and supersaturation. The multi-mechanism growth of graphite involves layer growth through poly-nucleation and spiral dislocation, foliated crystals growth, curved-circumferential growth, helical (macro-spiral) and cone-helix (micro-spiral) growth, radial growth of cylindrical or conical sectors, and skeletal (hopper) crystal growth. These mechanisms explain the various morphologies of graphite in Mg-treated irons, including CG, SG, and CHG. Recrystallization plays an important role in the final graphite shape, both during the eutectic and solid-state transformation. 
